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Abstract 

Title of Dissertation: Inhibition of Traumatic Brain Injury (TBI)-Induced 

Neuroinflammation Using Pharmacological Modulators of Metabotropic Glutamate 

Receptors  

Gelareh Vinueza, Doctor of Philosophy, 2020 

Dissertation directed by: Alan I. Faden, MD 

David S. Brown Professor in Trauma and University of Maryland Professor 

University of Maryland School of Medicine 

Chronic dysregulated microglial activation is a major hallmark of persistent 

inflammation and progressive neurodegeneration following traumatic brain injury (TBI). 

Thus, research has focused on strategies to inhibit chronically activated microglial 

responses following TBI. Metabotropic glutamate receptors (mGluRs) 4 and 5 are 

expressed on microglia and can modulate microglial activity; therefore, they may serve as 

potential therapeutic targets for inhibition of microglial-dependent neuroinflammation. In 

the first of these studies, based on its reported neuroprotective roles, we examined the 

effects of the mGluR5 positive allosteric modulator (PAM) VU0360172 in an established 

fluid percussion injury (FPI) rat model of TBI plus hypobaria (HB). Systemic 

administration of VU0360172 significantly reduced pro-inflammatory cytokines, 

chemokines and microRNAs (miRs) at 1- and 7- days following FP+HB. However, 

VU0360172 did not alter injury-induced behavioral deficits examined over the following 

28 days. In order to assess potential mechanisms underlying the inflammatory changes, we 

used Nanostring analysis to identify miRs that modulate neuroinflammation and compared 

plasma changes for selected miRs with brain tissue changes. The pro-inflammatory miR-

223 showed the strongest correlation between plasma and brain tissue expression levels at 

the 7d time-point in TBI+HB experimental rodent models.  



 
 

An additional series of studies addressed the purported anti-inflammatory effects 

of mGluR4 PAMs. We employed in vitro models of immortalized microglia cell lines and 

primary microglia to elucidate the molecular mechanisms responsible for the modulation 

of inflammation by ADX88178 and other mGluR4 PAMs. ADX88178 downregulated 

lipopolysaccharide (LPS)-induced expression of pro-inflammatory mediators in BV2 cells 

and primary microglia. However, ADX88178 anti-inflammatory effects appeared to be 

mGluR4-independent as mGluR4 expression in our in vitro models was very low and its 

actions were not altered by pharmacological or molecular inhibition of mGluR4. Moreover, 

we showed that putative mGluR4 PAMs attenuate pro-inflammatory pathways in BV2 

microglia through mGluR4/Gi-independent mechanisms involving activation of cAMP-

response element binding protein (CREB) and inhibition of NFkB.  

Overall, these studies show that mGluR4 and mGluR5 PAMs can significantly 

attenuate microglial activation. Therefore, further studies should examine their potential 

therapeutic effectiveness after TBI.  
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Chapter 1: Introduction 

1.1. Traumatic brain injury 

Traumatic brain injury (TBI) is an important public health problem worldwide, with 

over 50 million cases reported annually (Feigin et al., 2013). In the United States alone, 

1.7 million people sustain a TBI, with 52,000 deaths (Leo and McCrea, 2016). 

Approximately half of TBI survivors suffer from long-term neurological deficits, including 

sensory, motor and cognitive impairments that can severely disrupt quality of life (Selassie 

et al., 2008).  

TBI is a highly complex disorder that includes both primary and secondary injury 

mechanisms (Loane and Faden 2010). Primary injury occurs rapidly and reflects 

mechanical injury with related tissue disruption and rapid ionic changes leading to necrotic 

cell death (Loane & Faden, 2010; Loane et al., 2015). Primary injury can lead to the 

disruption of the blood brain barrier (BBB), delayed neuronal and glial cell death, as well 

as infiltration of peripherally derived immune cells (Kumar & Loane, 2012). Due to the 

complex nature and heterogeneity of head injury, such as injury severity, therapeutic 

interventions have proved difficult to develop (Feigin et al., 2013). Secondary injury 

responses can evolve over minutes, months or even years after the insult, resulting in 

delayed metabolic, cellular and neurochemical changes as well as progressive tissue 

damage (Loane et al., 2015). Ongoing secondary injury processes such as persistent 

neuroinflammation can lead to chronic neurodegeneration; recognition of more delayed 

responses explains the extended therapeutic window to modulate posttraumatic tissue 

damage and associated behavioral dysfunction (Loane & Faden, 2010). Importantly, 



2 
 

secondary injury mechanisms include multiple targetable processes including: (1) 

excitotoxicity (excessive glutamate release), (2) production of reactive oxygen species 

(ROS), and (3) neuroinflammation (Faden et al., 1989; Dorsett et al., 2017; Simon et al., 

2017; Anthonymuthu et al., 2016), as well as others (Loane & Faden, 2010). Previous work 

from our laboratory has demonstrated that chronic neuroinflammation is associated with 

progressive neurodegenerative processes and neurological deficits following TBI (Loane 

et al., 2014; Kumar et al., 2016; Henry et al., 2019). Importantly, this work has shown that 

targeting neuroinflammatory responses even at significantly delayed timepoints following 

injury is associated with neuroprotective effects (Piao et al. 2013, Byrnes et al. 2012, Henry 

et al., 2020).  

1.2. Neuroinflammation and injury 

Under normal conditions, the central nervous system (CNS) is largely protected 

from the peripheral immune cell responses due to the presence of BBB. Primary injury can 

cause BBB breakdown with recruitment of peripherally derived monocytes including 

macrophages to enter the brain (Kumar et al, 2016, Morganti et al., 2015; Chou et al., 

2018). Following brain injury, there is rapid neuronal cell injury/death that leads to the 

release damage associated molecular patterns (DAMPs) such as ribonucleic acid (RNA), 

deoxyribonucleic acid (DNA), adenosine triphosphate (ATP), and reactive oxygen species 

(ROS). These molecules activate members of the pattern recognition receptors (PPRs), 

including toll like receptors (TLRs), which activate signaling cascades resulting in the 

production of cytokines that can trigger neuroinflammation, both from microglia and 

circulating leukocytes (neutrophils, lymphocytes and monocytes) to infiltrate the brain 

parenchyma.  
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Each TLR is composed of an extracellular domain that mediates pathogen 

associated molecular patterns (PAMP) recognition, a transmembrane domain, and a 

cytoplasmic domain called Toll/IL-1 receptor (TIR) that mediates downstream signaling 

(Botos et al., 2011). Upon PAMP and DAMP recognition, TLRs recruit adaptor proteins 

such as MyD88 to initiate a signal transduction pathways that can lead to the activation of 

nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB or p65) or mitogen-

activated protein kinase (MAPK) to regulate expression of cytokines and chemokines (Fig. 

1-1).    

Figure 1-1. The structure and signaling of Toll Like Receptors (TLRs). TLRs are composed 

of three domains: (1) A leucine-rich extracellular domain for the recognition of PAMPs and 

DAMPs; (2) A transmembrane domain; and (3) A cytoplasmic TIR domain that can recruit 

adaptor proteins (e.g. MyD88) to initiate signal transduction pathways such as activation of 

NFkB to regulate expression of cytokines and chemokines. Figure reproduced from Cusabio. 

 

 

Figure 1-2. Temporal immune cell responses after TBI.Figure 1-1. Structure and signaling 

of TLRs. TLRs are composed of three domains: (1) a leucine-rich extracellular domain for the 

recognition of PAMPs and DAMPs; (2) a transmembrane domain; and (3) a cytoplasmic TIR 

domain that can recruit adaptor proteins (e.g. MyD88) to initiate  signal transduction pathways 

such as activation of NFkB to regulate expression of cytokines and chemokines. Figure 

reproduced from Cusabio. 
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Neutrophils appear within a few hours of injury to remove damaged cells, with their 

numbers declining by 3 days post injury, followed by the activation of resident immune 

cells of the CNS, including microglia and astrocytes (Soares et al., 1995; Carlos et al., 

1997; Kolaczkowska & Kubes, 2013; Bianchi, 2007; Jounai et al., 2012; McKee & Lukens, 

2016; Jassam et al., 2017). CNS glial cells amplify the immune signal and recruit other 

cells by releasing cytokines such as tumor necrosis factor (TNF)-, interleukin (IL)-1β, IL-

10, interferon (IFN)-; chemokines, including C-C motif chemokine ligand 2 (CCL-2) and 

CXC chemokine ligand (CXCL9), as well as inflammatory mediators such as nitric oxide 

(NOS2) and type-I interferon; as well as activating inflammasomes (Lagraoui et al., 2012; 

Martinon et al., 2002; Harting et al., 2008) (Fig. 1-2).   

Figure 1-2. Temporal immune cell responses after TBI. Upon primary injury, damaged cells 

at the injury site release damage associated molecular patterns (DAMPs) to signal release of 

cytokines, chemokines, and recruit neutrophils to promote removal of cellular debris. 

Neutrophil numbers decline after a few days and cause infiltration of monocytes and activation 

of glia around the site of injury. Depending on the severity of the injury, T and B cells can be 

recruited to the injury site to help resolve inflammation. Figure reproduced from McKee & 

Lukens, 2016. 

 

 

Figure 1-3. Metabotropic glutamate receptor classificationFigure 1-2. Temporal immune 
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There are multiple types of glial cells- including oligodendrocytes, astrocytes and 

microglia- that reside within the CNS; each has an important role in maintaining normal 

physiological functions but can also participate in pathophysiological events like TBI 

(Acosta et al., 2013; Bye et al., 2011; Loane & Kumar, 2016). Oligodendrocytes are 

responsible for production of myelin sheaths and enhancement of axonal transmission 

(Baumann & Pham-Dinh, 2001). Astrocytes are important in maintaining homeostasis of 

neurotransmitters and ions (Sofroniew & Vinters, 2010). Microglia function to maintain 

integrity of CNS through synaptic pruning as well as participating in the cleanup of cellular 

debris (Schafer et al., 2012; Schafer & Stevens, 2013). 

CNS injury can cause activation and proliferation of these specialized immune cells 

to sequentially remove damaged cells, restore homeostasis, and resolve inflammation, but 

chronic activation of glia can exacerbate injury (Novak & Koh, 2013; Kumar & Loane, 

2012; Loane & Kumar, 2016). Astrocyte activation is characterized by increases in 

intermediate filaments such as glial fibrillary acidic protein (GFAP) (Sofroniew, 2009; 

Liddelow & Barres, 2017; Liddelow et al., 2017). Reactive astrocytes help resolve the 

injury through the release of neurotrophic factors and uptake of glutamate, but they can 

also form a scar-like structure that separates the injured and healthy tissue through an 

intermingle of fibroblasts, oligodendrocytes and microglia called “glial scar” that can 

impair axonal regeneration and TBI recovery (Fawcett & Asher, 1999).  

Under normal conditions, homeostatic microglia display a morphology 

characterized by a small cell body and extended branches (ramified) which allows 

microglia to survey the surrounding environment. Following injurious or infectious 

conditions, microglia undergo distinct morphological changes including increased cell 
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body size and decreased branching (ameoid). Activation of microglia is a protective 

response following injury or infection; however, chronic or uncontrolled microglial 

activation may have detrimental effects.  

1.3. Microglial activation responses following TBI  

Microglia are the principle immune cells of the brain. Under normal conditions, 

microglia monitor for noxious substances and injury processes (Nimmerjahn et al., 2005; 

Hanisch & Kettenmann, 2007). Upon CNS injury or invasion of a pathogen, microglia 

become activated and can adopt a pro-inflammatory or an anti-inflammatory phenotype. 

Microglia have receptors on their surface to recognize DAMPs, PAMPs, and other factors 

such as glutamate, ATP, cytokines and growth factors (Davalos et al., 2005; Hanisch & 

Kettenmann, 2007). In response to any of these signals, microglia produce various pro- 

(TNF-, IL-1, iNOS) and/or anti- inflammatory (IL-10, IL-1ra) mediators. Production of 

these mediators can result in either protective or destructive response depending on their 

magnitude and duration. For example, inhibition of IL-1 receptor in experimental TBI 

models confers neuroprotection and improves functional recovery (Jones et al., 2005; 

Sanderson et al., 1999). In addition, global deletion of TNF- improves long-term 

neurological deficits following TBI (Scherbel et al., 1999; Sullivan et al., 1999). However, 

whereas acute neuroinflammatory responses may be beneficial for the host, chronic 

neuroinflammation can be a major risk factor for developing neurodegenerative diseases 

(Simon et al., 2017; Loane & Kumar, 2016; Kumar & Loane, 2012). 

Cytokines can serve as potential biomarkers for the diagnosis or prognosis of brain 

injury (Thelin et al., 2017; Rodney et al., 2018). Clinically, levels of IL-1 and TNF- in 
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cerebrospinal fluid (CSF) are increased acutely after TBI (Fan et al., 1995; Woodroofe et 

al., 1991; Goodman et al., 1990); In addition, chronic microglial activation has been 

reported in TBI patients up to one year following primary injury (Johnson et al., 2013; 

Bendlin et al., 2008). There is increasing evidence that sustained microglial activation is 

associated with cognitive decline and can lead to the development of neurological disorders 

such as sleep disorders, neurodegenerative diseases and psychiatric diseases (Masel & 

DeWitt, 2010; Faden et al., 2016; Ramlackhansigh et al., 2011; Wilson et al., 2017). 

Human and animal studies indicate that dysregulated activation of microglia for weeks, 

months or years after the initial injury may contribute to neurodegeneration and behavioral 

deficits (Byrnes et al., 2009; Bendlin et al., 2008; Smith et al., 1997). Thus, targeting of 

microglial responses may offer novel approaches in the treatment of TBI.  

1.4. Therapeutic strategies in TBI 

 

Over many years, experimental therapeutic approaches to brain trauma have 

focused on targeting major contributors of secondary injury responses such as chronic 

microglial activation, ROS production, or glutamate release (Loane & Kumar, 2016; Loane 

et al., 2013; Barrett et al., 2017). NADPH oxidase (NOX-2) is an enzyme responsible for 

intracellular and extracellular ROS production by microglia and macrophages. Increased 

microglial NOX2 has been implicated in several neurodegenerative disorders, and it can 

mediate neurotoxicity, ROS production and a pro-inflammatory phenotype of microglia 

(Qin et al., 2004; Qin et al., 2013; Wu et al., 2003; Choi et al., 2012). Inhibiting NOX2 

after experimental TBI results in smaller lesion volume, improved long-term functional 

recovery and reduced pro-inflammatory microglial phenotype (Kumar et al., 2016; Barrett 

et al., 2017; Wang & Luo, 2020).  
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Another area for therapeutic intervention is modulation of glutamate responses. 

Glutamate is the most abundant excitatory neurotransmitter in the mammalian CNS and 

plays a critical role in brain development and processes such as motor activity, learning 

and memory (Monaghan et al., 1989; Nakanishi, 1992). Glutamate is released from the 

presynaptic vesicles and can act on both postsynaptic ligand-gated ionotropic glutamate 

receptors (iGluRs) and pre- and post-synaptic metabotropic glutamate receptors (mGluRs). 

iGluRs are cationic ligand-gated channels that are subdivided into N-methyl-D-aspartate 

(NMDA), 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl) propanoic acid (AMPA), and 

kainate receptors. They facilitate fast and short-lasting excitatory synaptic transmission 

upon agonist binding to allow an influx of cations within milliseconds. mGluRs are 

members of class C heptahelix G-protein coupled receptors that produce a slow and long 

lasting cellular response; they are classified into three groups (group I-III) based on 

sequence homology, signaling cascade and ligand binding (Fig. 1-3) (Niswender & Conn, 

2010; Pin & Duvoisin, 1995). Group I receptor subtypes include mGlu1 and mGlu5 

Figure 1-3. Metabotropic glutamate receptor classification. Phenogram of mGlu receptor 

subgroups (group I, II and III) and the individual receptors within each group along with their 

signal transduction pathways. Figure reproduced from Tocris Bioscience. 
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receptors that are excitatory and are mainly located postsynaptically and couple to Gq to 

activate phosopholipase C (PLC) and hydrolyze phosphoinositide to cause intracellular 

mobilization of Ca2+. Group II (mGluR2 and mGluR3) and group III (mGluR4, mGluR6, 

mGluR7 and mGluR8) receptors are generally inhibitory because they are located pre-

synaptically and couple to Gi/o, α-subunit of heterotrimeric G-protein complex. Their 

activation inhibits adenylate cyclase (AC) activity, decreases cAMP and reduces activation 

of protein kinase A (PKA)- thus reducing glutamate release (Aramori & Nakanishi, 1992; 

Conn & Pin, 1997).  

Glia cells play an important role in regulating glutamate homeostasis, and they can 

modulate the activity and expression glutamate receptors including mGluRs. 

Oligodendrocytes express mGlu3 and mGlu5 receptors where activation of mGluR5 

mitigates excitotoxic injury by decreasing oxidative stress and ROS accumulation (Deng 

et al., 2004). Cultured astrocytes predominantly express mGluR5 (Biber et al., 1999), 

mGluR3 (Biber et al., 1999; Aronica et al., 2003; D’Antoni et al., 2008), as well as mGluR4 

(Besong et al., 2002; Biber et al. 1999). Activation mGluR5 and mGluR3 on astrocytes 

regulates glutamate transporter activity and astrocyte-neuronal communication (Bradley 

and Challiss, 2012). In addition, conditioned media from cultured astrocytes that are 

activated with mGluR4 reduces neuronal cell death (Zhou et al., 2006). Microglia express 

groups I-III mGlu receptor subtypes including mGluR5, 2 and 3, as well as mGluR4, 6, 

and 8. Stimulation of mGluR2 and 3 on microglia leads to microglial activation, TNF-α 

release and can lead to neuronal apoptosis (Taylor et al., 2002; Taylor et al., 2005). 

However, activation of mGluR5 and mGluR4 has been shown to attenuate 
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lipopolysaccharide (LPS)-induced microglial neurotoxicity (Byrnes et al., 2009; Loane et 

al., 2009; Ponnazhagan et al., 2016).     

A large body of evidence shows that mGluRs are not only present in the CNS, but 

they are also present in the periphery such as on lymphocytes, dendritic cells, and 

macrophages. mGluR4 is expressed on dendritic cells where it can mediate immunity in 

dendritic cells in vitro through Gi-independent mechanisms involving 

phosphatidylinositol-3-kinase (PI3K) to exert anti-inflammatory actions by increasing the 

production of anti-inflammatory cytokines IL-10 and TGF-β (Volpi et al., 2016). mGluR5 

has been shown to be expressed on human lymphocyte only upon adaptive immune 

activation and utilizes mitogen-activated protein (MAP) kinase for signaling (Fallarino et 

al., 2010; Pacheco et al., 2006). Due to their localization on both neural and non-neural 

tissue, mGluRs present as great candidates to target immune related conditions including 

neuroinflammation. 

Activation of iGluRs and mGluRs have been implicated in the pathophysiology of 

CNS trauma and stroke. Early studies focused on pharmacologically opposing glutamate 

hyperactivity using antagonists at iGluRs in models of stroke and CNS trauma in vitro and 

in vivo (Simon et al., 1984; Faden & Simon, 1988; Faden et al., 1989). However, these 

treatments have not proved beneficial in clinical trials, reflecting their importance in 

synaptic transmission as well as very short therapeutic window. On the other hand, 

pharmacological activation of some mGlu receptors has provided neuroprotection in CNS 

trauma and neurodegenerative disease models. For example, a study in an experimental 

TBI rodent model showed that administration of mGluR5 agonist one month after TBI 

reduces expression of pro-inflammatory microglia, decreases lesion volume, reduces 
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neuronal loss and significantly improves motor and cognitive recovery (Byrnes et al., 

2012). Moreover, activation of mGluR4 has been suggested as a potential therapeutic 

strategy for Parkinson’s disease and reducing chronic microglial activation (Battaglia et 

al., 2006; Niswender et al., 2008; Jones et al., 2012; Niswender et al., 2016; Ponnazhagan 

et al., 2016). 

1.5. Pharmacological agents: agonists vs. allosteric modulators 

 

Metabotropic glutamate receptors are among some of the most structurally complex 

G-protein coupled receptors. They exist as dimers; either homo- or hetero- dimers 

(Doumazane et al., 2011; Kammermeier, 2012). Each dimer consists of three domains: a 

large extracellular venus flytrap domain (VFT), a cysteine-rich domain (CRD), and a 

Figure 1-4: General structure of metabotropic glutamate receptors. mGlu receptors are 

represented as dimers with three distinct sites: (1) Venus flytrap domain (VFT) is at the N-

terminus and is the orthosteric site where both agonist and antagonists bind (2) Cysteine-rich 

domain connects VFT to a 7-transmembrane helix domain (7TM) (3) 7TM is at the C-terminus 

and is the site for allosteric ligand binding. Figure reproduced from Amalric et al., 2013. 

 

 

Figure 1-5. miR-155 signaling in activated microgliaFigure 1-4: General structure of 

metabotropic glutamate receptors. mGlu receptors are represented as dimers with three 
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seven-transmembrane domain (7TM) that spans the lipid bilayer (Fig. 1-4). The VFT 

contains two lobes and is the site where the endogenous ligand (e.g. glutamate) binds 

(Kunishima et al., 2000). Glutamate binding results in a conformational change in the VFT 

by stabilizing the closed conformation of the lobes (Bertrand et al., 2002; Bessis et al., 

2002; Muto et al., 2007). This conformational change is propagated through the CRD to 

the G-protein, resulting in the activation of the G-protein as well as second messenger 

formation.  

Orthosteric agonists bind to the receptor where glutamate binds. The natural ligand 

binding site in the VFT is evolutionary conserved between receptor subtypes making 

discovery of subtype selective ligands difficult (Parmentier et al., 2000; Acher & Bertrand, 

2005). In fact, the majority of orthosteric ligands display group selectivity, but not subtype 

selectivity. This is one of the major limitations in interpreting the effects of orthosteric 

ligands- as physiological changes could be due to any of the group subtypes; in addition, 

they may reflect off-target actions. Moreover, drugs that act as orthosteric agonists often 

show low BBB permeability and are not generally absorbed per orem.   

High-throughput screening methods have allowed the design and identification of 

allosteric modulators that do display mGluR subtype selectivity. Allosteric modulators 

(positive or negative) bind to the 7TM only when glutamate is present and they modify the 

signal generated (Flor & Acher, 2012; Amalric et al., 2013). The topographically distinct 

site where allosteric modulators bind contains a high level of sequence diversity and 

therefore allows greater subtype selectivity (Conn et al., 2009). Allosteric mGluR 

modulators have been examined experimentally as potential therapeutic strategies for a 

number of neurodegenerative disorders (Flor & Acher, 2012).  
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1.6. microRNAs as biomarkers and therapeutic interventions in experimental 

TBI 

MicroRNAs (miRs or miRNAs) are small non-coding RNA molecules that regulate 

gene expression post-transcriptionally by binding the mRNA 3’ untranslated regions 

(UTRs) and exerting their actions through suppression of translation or degradation of the 

target mRNA (Griffiths-Jones, 2006; Bartel, 2004). A single miRNA can modulate 

expression of up to 200 different genes simultaneously (Lewis et al., 2005). miRNAs play 

important roles in pathological CNS conditions (e.g. seizures, TBI, ischemia), and they can 

regulate microglia/macrophage activation in response to injury (Lei et al., 2009; Redell et 

al., 2009; Liu et al., 2010). For example, miR-155 is upregulated in pro-inflammatory 

microglia and can exacerbate neuroinflammation after TBI (Freilich et al., 2013; Kumar et 

al., 2017; Henry et al., 2019). LPS-induced activation of microglia can upregulate miR-

155 expression and lead to exacerbation of microglial activation, proliferation, as well as 

increased release of pro-inflammatory markers (Fig. 1-5) (Cardoso et al., 2012). Inhibition 

of miR-155, using an antagomir or a knockdown system reduces the inflammatory 

phenotype in experimental models of TBI (Freilich et al., 2013; Cardoso et al., 2012; 

Kumar et al., 2017; Henry et al., 2019) and is associated with decreases in 

neurodegenerative processes and improvements in long-term neurological recovery (Henry 

et al., 2019). In contrast, miR-124 is upregulated in the anti-inflammatory microglia 

phenotype (Ponomarev et al., 2011). 

Identification of novel miRNAs has benefited from the development of high 

throughput microRNA analysis such as Nanostring technology (Di Pietro et al., 2018). 

Furthermore, miRNAs have been investigated as emerging biomarkers for diagnosis and 
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prognosis of various CNS injuries such as stroke, TBI and Parkinson’s disease (Di Pietro 

et al., 2018; Leggio et al., 2017; Eyileten et al., 2018); this is in part due to the fact that 

miRNAs are stable in the plasma and can be readily detected (Mitchell et al., 2008). 

1.7. Advantages and disadvantages of experimental models of TBI 

There are several rodent models to study the biochemical and pathological 

consequences of TBI. When choosing a model, one should ensure that the (1) the 

mechanical force predicts the severity outcome; (2) that the model is reproducible, 

controlled, and quantifiable; and (3) the injury is reproducible and quantifiable in the 

measured outcomes such as in morphological, behavioral and biochemical changes 

(Cernak, 2005). Fluid percussion injury (FPI) model was developed in the 1970s and has 

been used to study pharmacological, pathophysiological and behavioral changes in a 

variety of animals including rodents (Sullivan et al., 1976). This model was first developed 

Figure 1-5. miR-155 signaling in activated microglia. Microglial activation can lead to miR-

155 up-regulation which turn on several pro-inflammatory signaling pathways such as NFkB, 

mTOR and MAPK. Figure reproduced from Guo et al., 2019. 

 

 

 

 

Table 2-1. List of rat and mouse primers used with their assay IDsFigure 1-5. miR-155 

signaling in activated microglia. Microglial activation can lead to miR-155 up-regulation 

which turn on several pro-inflammatory signaling pathways such as NFkB, mTOR and MAPK. 

Figure reproduced from Guo et al., 2019. 
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for use in rabbits, sheep, cats, dogs, cats, and pigs, and was later adopted for use in rodents 

(Millen et al., 1985; Marmarou & Shima, 1990; McIntosh et al., 1987; McIntosh et al., 

1989; Dixon et al, 1988). FPI models can be classified into two categories based on the 

position of craniotomy: midline or lateral FPI (McIntosh et al., 1987; McIntosh et al., 

1989). In this study we used lateral FPI, which is the most commonly used form of FPI and 

requires a craniotomy between bregma and lambda. FPI models produce both focal and 

diffusive injury and closely mimic human TBI resulting in vascular injury, neuronal cell 

death, and activation of glia (Graham et al., 2000; Thompson et al., 2005; Dixon et al., 

1998).  In this study, we combined FPI with a secondary injury insult (e.g. hypobaria, HB- 

low atmospheric pressure) to mimic aeromedical evacuation of brain trauma patients 

(Kabadi et al., 2010; Skovira et al., 2016). Our previous work has shown that FPI+HB rats 

have worse cognitive outcomes and develop depressive-like behavioral phenotypes when 

compared to FPI alone (Skovira et al., 2016). Such exacerbations of neurological deficits 

were shown to be associated with increased neuronal cell death and chronic microglial 

activation (Skovira et al., 2016). Limitations of standard FPI device include time-

consuming calibration processes, substantial potential variability for application of the 

large standard device to rodents, and high mortality rate in midline FPI models due to injury 

severity that may be caused by cardiorespiratory suppression (Prins et al., 1996). 

Variability issues have been considerably addressed using a micro-FPI device developed 

for small animals, but such a device is not widely available (Kabadi et al., 2010). 

In 1988, a controlled cortical impact injury (CCI) model was developed (Lighthall, 

1988). Similar to FPI, CCI requires a craniotomy to expose the intact dura. The CCI model 

uses a rigid impactor to deliver a mechanical force onto an exposed dura. In a pneumatic 
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CCI device, the velocity, lag time, and the depth of impact can be adjusted to deliver a 

controlled injury. Unlike FPI, CCI is a more focused head injury model that produces 

cortical contusion, neuronal cell death, BBB permeability, vascular disruption, glial cell 

proliferation and leads to behavioral, pathobiological and molecular changes. Both FPI and 

CCI models are used to understand pathobiology of TBI and to uncover novel therapeutic 

targets for brain injury. 

In vitro systems offer a powerful opportunity to investigate secondary injury 

processes after TBI in a controlled and reproducible fashion, but they are not intended to 

replace in vivo models. In vitro trauma models include cell cultures undergoing static 

mechanical injury (e.g. transection or compression), dynamic mechanical injury (e.g. cell 

stretch model) and models to study specific stimulation of key pathways such as chemical 

injury (e.g. glutamate-mediate excitotoxicity) to mimic many aspects of secondary injury 

after TBI (Lea et al., 2002; Movsesyan et al., 2001; Kumaria, 2017; Hamilton & 

Santhakumar, 2020). In addition, there is a range of cell types that can be used to study 

functions of individual glia cells as well as neurons including immortalized cell lines, 

primary cultures, and ex vivo tissue. In our study, we used a well-established immortalized 

microglial cell line called BV2 cells that can be passaged and frozen multiple times for 

continuous cell availability. They can be transfected, stimulated and pharmacologically 

manipulated to study the effect of drugs as well as their signaling pathways. A known issue 

with using immortalized cells is their different mitotic and immunological behavior from 

the rest of neuroglia (Horvath et al., 2008; He et al., 2018). One alternative to using 

commercially available immortalized cell lines is primary cultured cells. The advantage to 

using primary cells is that they are better representatives of immunological and 
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biochemical changes in the tissue and in the case of neuroglia, they can be either studied 

individually (e.g. primary microglia culture) or multiple cell types can be cultured together 

to study their interactions (e.g. mixed glia culture). 

1.8. Hypotheses and specific aims 

 

The goal of this work is to better understand the role of group I and group III 

mGluRs as therapeutic interventions to modulate microglial activity in secondary injury by 

testing the following hypotheses: 

Hypothesis 1: Administration of mGluR5 positive allosteric modulator (PAM), 

VU0360172, attenuates hypobaria-exacerbated microglia pro-inflammatory phenotype 

following fluid percussion injury. Hypobaria after FPI exacerbates pathophysiological 

changes and leads to behavioral deficits and chronic microglial activation (Skovira et al., 

2016). mGluR5 PAM VU0360172 regulates microglial activation in vitro and in 

experimental TBI injury by promoting a shift in microglial phenotype towards an anti-

inflammatory and a neuroprotective state (Bhat et al., 2020; Loane et al., 2014; Byrnes et 

al., 2012). We used VU0360172 in a clinically relevant “two hit” injury model to examine 

hypobaria-exacerbated FPI outcomes through testing the following aims: 

Aim 1a: Evaluate the anti-inflammatory role of mGluR5 PAM VU0360172 

acutely at 24 hours in rats that underwent FPI+HB.  

Aim 1b: Determine the anti-inflammatory role of mGluR5 PAM VU0360172 at 7 

days on microglial activation in rats that underwent FPI+HB. 
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Aim 1c: Assess the role mGluR5 PAM VU0360172 on neurobehavioral deficits 

in FPI+HB rats up to 28 days.  

Hypothesis 2: mGluR4 PAMs exert their anti-inflammatory actions on activated microglia 

through activation of mGlu4 receptor-dependent signaling. A previous study reported that 

mGluR4 was required for the anti-inflammatory effect of ADX88178, a putative mGluR4 

PAM, in microglia. We employed in vitro models of immortalized microglia cell lines and 

primary microglia to elucidate the molecular mechanisms responsible for the regulation of 

inflammatory pathways by ADX88178 and other mGluR4 PAMs through testing the 

following aims: 

Aim 2a: Evaluate the role of mGluR4 PAMs on neuroinflammation and 

modulation of microglial phenotype in vitro. 

Aim 2b: Identify the mechanisms of action that underpin mGluR4 PAMs’ anti-

inflammatory effects and the role of for mGlu4 receptor in these processes. 

Aim 2c: Determine effect of putative mGluR4 heteromerization partners on 

mGluR4 PAMs’ anti-inflammatory actions.  
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Chapter 2: Materials & Methods 

2.1. General Methods  

2.1.1. Drugs and Reagents: mGluR5 PAM  

 

N-Cyclobutyl-6-[2-(3-fluorophenyl)ethynyl]-3-pyridinecarboxamide 

hydrochloride (VU0360172) was purchased from Tocris. VU0360172 was made in 

water+10% Tween-80 or equal volume vehicle (water+10% Tween-80) resulting in a final 

dose of 30 mg/kg per animal. mGluR4 PAMs and antagonists: 5-Methyl-N-(4-

methylpyrimidin-2-yl)-4-(1H-pyrazol-4-yl)thiazol-2-amine (ADX88178) was purchased 

from Sigma. L-(+)-2-Amino-4-phosphonobutyric acid (L-AP4) cis-2-[[(3,5 

Dichlorophenyl)amino]carbonyl]cyclohexanecarboxylic acid sodium salt (VU0155041), 

N-(4-Chloro-3-methoxyphenyl)-2-pyridinecarboxamide (VU0361737), RS)-α-Methyl-4-

phosphonophenylglycine (MPPG), (RS)-α-Cyclopropyl-4-phosphonophenylglycine 

(CPPG) and (RS)-α-Methylserine-O-phosphate (MSOP) were purchased from Tocris. N-

(3-Chloro-4-fluorophenyl)-1H-pyrazolo[4,3-b]pyridin-3-amine (VU0418506) was a 

generous gift from Dr. Jeffrey Conn (Vanderbilt University). A2AR agonist: 4-[2-[[6-

Amino-9-(N-ethyl-β-D-ribofuranuronamidosyl)-9H-purin-2-

yl]amino]ethyl]benzenepropanoic acid hydrochloride (CGS 21680) was purchased from 

Tocris. All drugs were prepared and stored according to manufacturer’s guidelines. 

2.1.2. Drug Administration and Treatments  

 

mGluR5 PAM (VU0360172) was administered by single intraperitoneal (IP) 

administration at 3 hours post FPI and using a dose of 30mg/kg (first and second 

experiments). It was administered subcutaneously at 3 hours, 1 day, and 3 days post-FPI in 
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the third experiment. mGluR4 PAMs (ADX88178, VU0361737, VU0418506, and 

VU0155041), and Group III agonist (L-AP4) were applied to microglia 30 minutes prior 

to LPS stimulation. The group III antagonists (MPPG, CPPG and MSOP), A2AR agonist 

(CGS 21680), and A3 antagonist (MRS1334) were administered one hour prior to 

ADX88178. 10µM PKA inhibitor (H89) or 100µM cell permeable cAMP analogue 

(dbcAMP) were added 10 minutes prior to addition of ADX88178 (20µM) for 30 minutes, 

followed by the addition of LPS (20ng/mL) for 24 hours. 

2.1.3. Analysis of Gene Expression Using Quantitative Real-Time Polymerase Chain 

Reaction (qRT-PCR) 

RNA was isolated from whole tissue homogenates or cells lysed in Trizol using 

Direct-zol RNA mini prep kit (ZYMO Research, Irvine, CA). For cDNA synthesis, RNA 

was reverse transcribed using High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Foster City, CA) as per manufacturer’s instructions. Thermal cycler reaction 

parameters for reverse transcription of RNA consisted of 10 minutes at 25oC, 120 minutes 

at 37oC, 5 minutes at 85oC followed by a hold at 4oC. The cDNA produced by this reaction 

was the template for the real-time PCR amplification that is carried out by Quant Studio 5 

real-time PCR system (ThermoFisher Scientific), using Taqman Universal Master Mix II. 

Reaction conditions were 10 minutes at 95oC, followed by 40 cycles of 15 seconds at 95oC, 

60 seconds at 60oC. Table 2-1 below lists all the primers used in my work. GAPDH was 

used as an endogenous control where each gene expression is calculated relative to 

GAPDH to determine relative expression values (using the 2-∆∆Ct, where Ct is the threshold 

cycle).  
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Species Gene Assay ID 

Rat GAPDH Rn01775763_g1  

Rat IL-1β Rn00580432_m1 

Rat IL-6 Rn01410330_m1  

Rat Nos2 Rn00561646_m1 

Rat TNF-   Rn01525859_g1  

Rat Arg-1 Rn00691090_m1   

Rat CD74 Rn00565062_m1 

Rat CCL-2 Rn00580555_m1 

Rat GFAP Rn01253033_m1 

Mouse CCL2 Mm00441242_m1 

Mouse GAPDH Mm99999915_g1 

Mouse IL-1β Mm01336189_m1  

Mouse TNF-   Mm00443258_m1 

Mouse IL-6 Mm00446190_m1 

Mouse Nos2 Mm00440502_m1 

Mouse Arg-1 Mm00475988_m1 

Mouse Grm4 Mm01306128_m1 

Mouse IL-10   MM01288386_m1 

Table 2-1. List of rat and mouse primers used with their assay IDs. 

 

 

 

 

Figure 2-1. Image of fluid percussion injury modelTable 2-1. List of rat and mouse 

primers used with their assay IDs. 
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2.1.4. MicroRNA Quantitative PCR  

 

Total plasma RNA isolation was performed using Direct-zol RNA mini prep kit 

(ZYMO Research). MicroRNAs were reverse-transcribed using TaqMan microRNA 

reverse transcription kit (ThermoFisher Scientific) per manufacturer’s protocol. Thermal 

cycling conditions used for reverse transcription were 30 minutes at 16°C, 30 minutes at 

42°C, and finally 5 minutes at 85°C followed by a hold at 4°C. For real-time PCR 

amplification of mature miRNA, TaqMan Universal PCR master mix II and TaqMan Small 

RNA assays are used according to manufacturer’s protocol. In brief, the reaction setup for 

real-time PCR of 20uL contain 10uL of TaqMan Universal PCR master mix II, 1uL of 

TaqMan Small RNA assay, 1.33uL of template cDNA, and 7.67uL nuclease-free water. 

The cycling condition for real-time PCR involves 40 cycles for enzyme activation step for 

10 minutes at 95°C followed by 15 seconds at 95°C and 60 seconds at 60°C. The real-time 

qPCR results were normalized to endogenous control U6 (Life Technologies) and 

quantified using comparative Ct method 2-∆∆Ct (Livak and Schmittgen, 2001). PCR 

reactions were carried out either by Quant Studio 5 real-time PCR System (ThermoFisher 

Scientific). 

2.2. mGluR5 study 

2.2.1. Animal Use  

 

Adult male Sprague Dawley rats (Harlan Labs, Frederick, MD) weighting 250-

300g were utilized for this study. Animals were housed under a 12-hour light-dark cycle 

and were fed a standard diet with ad libitum access to food and water. All surgeries and 

procedures were performed in accordance with ethical standards and carried out with 
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protocols approved by the Institutional Animal Care and Use Committee (IACUC) at the 

University of Maryland School of Medicine. 

2.2.2. Fluid Percussion Injury 

  

The FPI device consists of a Plexiglass cylindrical reservoir that is filled with sterile 

water free of air bubbles. At one end of this reservoir, there is a transducer connected 

through an adaptor to a luer-lock that is cemented and mounted onto the rodent’s skull right 

above the site of craniotomy. On the opposite end of the reservoir, there is a pendulum that 

upon release transmits a pulsed fluid pressure to the rodent’s brain without breaking the 

dura. This fluid pressure is adjusted based on the height at which the pendulum strikes. 

Anesthesia was induced to rats by 4% inhaled isoflurane in a gas mixture containing 70% 

N2O and 30% O2, followed by maintenance at 2% via nose cone. Sterile ophthalmic 

ointment was applied to each eye to prevent drying. The surgical site was trimmed with 

small animal clippers and prepared antiseptically. A midline incision was made over the 

skull, and the skin and fascia were retracted. A 5mm craniotomy was made using a drill on 

the left parietal bone, midway between bregma and lambda. A female leur-lock was 

secured to the craniotomy site using superglue and dental cement to facilitate connection 

to the fluid percussion device for injury induction. While the cement dried (~5-7 minutes), 

two test hits with the FPI machine were performed to determine the angle at which the 

pendulum must be released to deliver a medium injury. Once the cement was dry, 

pendulum was put into position with a help of a second scientist and the female leur loc on 

the craniotomy site was fit into a male leur loc on the injury device. Upon release of the 

pendulum, impact energy was transferred from the fluid inside the reservoir to a pulsed 
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pressure onto the exposed dura. The pressure was recorded by PowerLab data acquisition 

system. A 1.8-2.2 atm pressure was used to produce a moderate injury. After injury, the rat 

was returned to the surgery stereotaxic station, and the incision was closed, anesthesia was 

terminated, and the animal was placed on a heated pad to maintain normal core temperature 

for 45 minutes. Sham animals only got an incision and the length of anesthesia that injured 

rats got. 

 

 

Figure 2-1. Image of fluid percussion injury model. Photo reproduced from Kabadi et al., 

2010. 
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2.2.3. Hypobaric Animal Experiments  

 

After a six-hour recovery, rats cages were changed and placed into the hypobaric 

chamber. Our custom-designed hypobaric chamber accommodated three cages for a total 

of six rats to be placed in the hypobaric chamber at a time. Rats had access to unlimited 

food and water (water was supplied in gel form to prevent dripping due to low pressure 

inside the chamber). Hypobaric conditions were achieved using a vacuum pump and gas 

analyzer. The vacuum pump was used to de-pressurize the chamber gradually until it 

reached hypobaric conditions (576mm Hg equal to simulated cabin altitude of 8,000ft and 

0.75 atmospheres) simulating the conditions found during military AE. 28% O2 was 

continuously delivered to the chamber to maintain a “normoxic” environment. Exhaled 

gases (CO2), O2 as well as temperature inside the chamber were continuously monitored 

and noted during the six-hour time period that the rats stayed inside the chamber. Upon 

completion of the hypobaric experiment, vacuum pump was shut off to allow pressure to 

gradually reach normal levels while the gases were monitored (this process took about 20-

30 minutes). Cages were removed and animals returned to animal facility. 
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2.2.4. Serum Collection  

 

At the time of sacrifice for each study, each rat received 100mg/kg intraperitoneal 

injection of Euthasol (Virbac, Westlake, TX). Through tail pinch, adequate anesthesia was 

determined, and an incision was made through the sternum with surgical scissors allowing 

access to the heart by opening the rib cage. Using a 23-gauge needle, blood was collected 

from the left ventricle (up to 6mL) in a tube that had 600uL of sodium citrate for inhibition 

of blood coagulation. Blood tubes went through a series of centrifugations to remove the 

cellular debris to get total plasma (tplasma): (1) 500xg at RT for 15 minutes (2) 2500xg at 

RT for 10 minutes (3) 2500xg at RT for 10 minutes. The tplasma yield was around 1.5mL 

which was aliquoted and immediately frozen. Tplasma tubes were stored at -80˚C prior to 

analysis. 

Figure 2-2. Image of hypobaric chamber.  

 

 

 

 

Figure 2-3. Schematic representation of novel object 

recognition test 

 

Figure 2-3. Image of the apparatus used to measure Composite 

Neuroscore.Figure 2-2. Image of hypobaric chamber.  

 

 

 

 

Figure 2-3. Schematic representation of novel object 

recognition test 

 

Figure 2-3. Image of the apparatus used to measure Composite 

Neuroscore.Figure 2-2. Image of hypobaric chamber.  
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2.2.5. Tissue Collection 

 

Once the blood was removed as explained above, the rat head was detached using 

a decapitator and the skull was opened using scissors to remove and dissect the brain. The 

brain was placed on an ice-cold plate and sliced into frontal cortex and hippocampus. Each 

region was divided into two pieces; one was used for PCR analysis and the other was used 

for Western blotting. The brain was then sliced to remove cortex and hippocampus on 

ipsilateral and contralateral side from the site of injury. The tissue was placed into tubes 

and flash frozen in liquid nitrogen. 

2.2.6. Composite Neuroscore 

 

Neuroscore is a measure of motor function and is evaluated using seven tests, each 

of which is scored on a scale ranging from zero (severely impaired) to five (normal 

function). This test was performed at 0, 1, 3, 7, 14, and 21 days after injury. These tests 

measure forelimb flexion, forced lateral pulsion, and ability of a rat to maintain position on 

an inclined plane for 5 seconds. The first test measured the right and left forelimb flexion 

by suspending the rat by its tail above a flat surface and this test was scored based on the 

position of shoulders, head and paws. Next test measured the ability of the rat to resist 

lateral push (left and right lateral pulsation). The last set of tests measured the animal’s 

ability to stand on an angled board (30-70 angle) at different positions: head up, right and 
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left horizontal positions. Each of these seven tests were scored and yielded a composite 

neurological score between 0 and 35.  

 

 

2.2.7. Novel Object Recognition  

 

Novel object recognition is a measure of non-spatial learning and memory that is 

performed on post-hypobaria day 21. The test apparatus included an open field with two 

circular zones that are equally spaced from the sides in the center of the apparatus. Using 

the software AnyMaze video tracking, these two zones were recognized and designated as 

“familiar object” and “novel object” zones. On post-hypobaria day 20, animals were placed 

into the apparatus without any of the objects to explore. This was the habituation and 

familiarization phase of the test that lasted 10 minutes per rat. On post-hypobaria day 21, 

two trials were performed with each lasting 5 minutes. During the trial, a rat was placed 

into the open field with “familiar objects” at each zone. After a 60-minute inter-trial period, 

the rat was placed into the open field with one “familiar object” and one “novel object.” 

The time that the animal spent exploring each object during both trials was recorded and 

Figure 2-3. Image of the apparatus used to measure Composite Neuroscore. 

 

 

 

 

Figure 2-4. Schematic representation of novel object recognition test.Figure 2-3. Image of the 

apparatus used to measure Composite Neuroscore. 
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Figure 2-4. Schematic representation of novel object recognition test. Figure reproduced 
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analyzed between the different groups. Discrimination Index (DI) was a formula used to 

measure cognitive outcomes during the testing phase %DI= (Time spent exploring novel 

object/ Time spent exploring both objects) x 100. 

 

2.2.8. Statistical Analysis  

 

Statistical analyses were performed using GraphPad Prism software (San Diego, 

CA). Values of all experiments are represented as mean ± S.E.M. of at least three 

independent experiments. Values were compared using one-way ANOVA analysis of 

variance with Tukey’s post hoc correction. The level of significance was set at *P<0.05, 

**P<0.01, ***P<0.001, and ****P<0.0001 (* represents significance from sham group 

while ^ represents significance from FPI+HB group). 

2.3. mGluR4 Study 

2.3.1. Pertussis Toxin  

 

Pertussis toxin was a generous gift from Dr. Nicholas Carbonetti (University of 

Maryland, Baltimore). BV2 microglia were pre-treated for 6h with 200ng/mL pertussis 

Figure 2-4. Schematic representation of novel object recognition test. Figure reproduced 

from Stanford medicine behavioral and function neuroscience laboratory website. 
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toxin (PT), a specific inhibitor of Gi/o, or it’s inactive form (PT*) before stimulating the 

cells with LPS and ADX88178. For control, we used PT*. 

2.3.2. BV2 Microglia Cell Culture  

 

BV2 (murine immortalized microglia cells) were grown and maintained in DMEM 

media (Life Technologies, Carlsbad, CA) that was supplemented with 10% Fetal Bovine 

Serum (Life Technologies) and 1% penicillin and streptomycin (Millipore Sigma) at 37°C 

with 5% CO2. BV2 cells were seeded at a density 2x104 cells/well (96-well plate), 0.75x105 

cells/well (24-well plate) or 2.5x106 cells (100mm dishes). BV2 cells were incubated with 

or without various concentrations of mGluR4 PAMs for 30 minutes followed by 

stimulation with lipopolysaccharide (LPS from Escherichia coli; 20ng/mL; Millipore 

Sigma) for 6 or 24 hours.  

2.3.3. Primary Mouse Microglia Culture 

Primary microglia cultures were prepared from cerebral cortices of P0-P1 C57/BL6 

mice as previously described (Loane et al., 2009). In brief, cortices were collected and 

freed from meninges. Cortices were minced and mechanically dissociated in DMEM/F-12 

medium (Life Technologies) and filtered by passing through 40-um cell strainer. Cells were 

collected by centrifugation at 1000rpm for five minutes and resuspended in DMEM/F-12 

medium containing 10% Fetal Bovine Serum (Life Technologies) and 1% penicillin and 

streptomycin. Cells were cultured on 25 cm2 cell culture flasks for 10-12 days. Floating 

microglia were harvested from mixed glia by shaking the flasks and reseeding the cells at 

a density of 50,000 cells/well (96-well plate) for experiments. Forty-eight hours later, cells 

were treated with mGluR4 PAMs and LPS. 
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2.3.4. siRNA Knockdown of GRM4 gene  

 

SMARTpool ON-TARGETplus mouse GRM4 Small Interfering RNA (siRNA) 

containing a mixture of four targeted siRNAs for mouse mGluR4 and ON-TARGETplus 

Non-targeting Pool (mock) were purchased from Dharmacon (Cat. # L-054531; Lafayette, 

CO). BV2 microglia cells were seeded in 6-well dishes at density of 0.5x106 cells per well 

and grown until they reached 60-80% confluency, upon which they were transfected with 

GRM4 or scrambled siRNAs using Lipofectamine RNAiMAX reagent. Briefly, in separate 

tubes, Lipofectamine RNAiMAX was diluted in Opti-MEM medium and siRNA was 

diluted in Opti-MEM. Diluted siRNA was added to diluted Lipofectamine in 1:1 ratio and 

incubated at room temperature for five minutes. siRNA lipid complex was then added to 

appropriate wells to achieve 25pmol final siRNA concentration. After a six hour 

incubation, the siRNA-lipid complex was removed and cells received normal media until 

the next day at which point the cells were pre-treated with ADX88178 for 30 minutes, 

followed by stimulation with LPS and cultured for an additional 24 hours. GRM4 gene 

knockdown was confirmed by qPCR. 

2.3.5. Nitrite Release  

 

Conditioned media after treatment with ADX88178 or other mGluR4 PAMs and 

LPS were used to measure nitrite levels using a Griess Reagent Kit (ThermoFisher 

Scientific) according to manufacturer’s instruction. Absorbance was measured at 560nm 

using a Synergy HT Multi-Mode Microplate Reader (Biotek) and normalized with the 

reference sample. The amount of nitrite (measured in micromoles) released by microglia 

cells in each sample was calculated by plotting a standard curve. 
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2.3.6. TNF-α, IL-1β, and IL-10 ELISAs 

 

Released TNF-α, IL-1β, and IL-10 protein levels were measured from the 

supernatant of BV2 and primary mouse microglia cells using ELISA kits from R&D 

Systems (Minneapolis, MN) following manufacturer’s protocol. Briefly, standards and 

samples were added to a 96-well antibody coated plate and incubated for two hours. After 

several washes with wash buffer, detection antibody was added to the plate for an 

additional two hours at room temperature. Plates were washed and subsequently incubated 

with horseradish peroxidase-conjugated streptavidin for 20 minutes at room temperature 

in the dark. After several washes, Substrate Solution was added for 30 minutes followed 

by Stop Solution. Absorbance was measured at 450nm using a Synergy HT Multi-Mode 

Microplate Reader (Biotek). Standard curves were used to calculate the levels of released 

TNF-α, IL-1β, and IL-10 that were expressed in pg/mL. 

2.3.7. Cell Viability Assay 

 

Cell viability was measured using a tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT; Sigma) colorimetric end-point assay. After 

treatment of microglia cultures, 10µL of MTT reagent was added to the cells that contained 

100µL of media for a final concentration of 0.5mg/mL of MTT. Development of formazan 

crystals was monitored continuously while the plate remained in a 37oC incubator. After 

30 minutes to one hour, formazan crystals were dissolved via the addition of 200µL of 

DMSO or ethanol to each well. Absorbance was measured at 540nm using a Microplate 

Reader (Biotek). Cytotoxicity was measured using MTT assay and cells images were 

captured via EVOS cell imaging microscope system. The absorbance measured was 

directly proportional to cell viability and was compared with non-stimulated control cells.  
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2.3.8. Subcellular Fractionation  

 

Pre-conditioned media was removed from cells and cells were collected using a cell 

lifter and washed in ice-cold 1X PBS. Cell suspension was centrifuged at 500xg for five 

minutes at 4oC. Cell pellets were resuspended in digitonin lysis buffer (20mM HEPES, PH 

7.2, 80mM KCL, 1mM EDTA, 1mM EGTA, 1mM dithiothreitol, 250mM sucrose, 

200µg/mL digitonin, Phosphatase Inhibitor Cocktails 2 and 3 and Protease Inhibitor) for 

10 minutes on ice. The lysates were then centrifuged at 1,000xg for five minutes at 4oC to 

pellet the nuclei. The supernatants were transferred to new tubes and centrifuged at 

12,000xg for 10 minutes at 4oC to pellet the mitochondria. The supernatants were saved in 

new tubes and centrifuged at 12,000xg for 10 minutes at 4oC to yield the cytosolic fractions. 

Total and nuclear lysates were prepared in RIPA buffer for western blotting according to 

the previously described protocol. 

2.3.9. cAMP Assay  

 

BV2 microglia was treated with 1mM of 3-isobutyl-1-methylxanthine (IBMX; 

Sigma), an inhibitor of cAMP degeneration, for 10 minutes prior to addition of forskolin 

(100µM) for 10 minutes. BV2 cells were then exposed to ADX88178 for another 10 

minutes. Cells were washed three times with cold PBS, followed by their lysis in Cell Lysis 

Buffer 5. Cells were centrifuged at 600xg to remove cellular debris and placed on ice until 

they were ready to be added to the microplate. cAMP production in BV2 microglia was 

measured using cAMP Parameter Assay Kit (R&D Systems, Minneapolis, MN) per the 

manufacturer’s protocol. Briefly, primary antibody was added to the microplate provided 

by the manufacturer for one hour. Wells were aspirated and washed three times with Wash 

Buffer. 50µL of cAMP Conjugate was added to each well followed by addition of standard, 
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control or samples that were diluted in cell lysis buffer 5. The plate was covered and 

incubated at room temperature for two hours on the shaker. The wash step was repeated 

followed by the addition of 200µL of Substrate Solution to each well for 30 minutes and 

then addition of the Stop Solution. Absorbance was measured at 450nm using a Synergy 

HT Multi-Mode Microplate Reader (Biotek). A standard curve was used to calculate the 

levels of cAMP expressed as pmol/mL. 

2.3.10. Western Blotting  

 

Proteins were extracted from whole tissue or cell lysates by lysis in RIPA buffer 

(Teknova, Hollister, CA) containing 1% phosphatase inhibitor cocktail (Phosphatase 

Inhibitor Cocktail 2 and 3; Millipore Sigma) and protease inhibitor (Millipore Sigma). 

Proteins were measured using the BCA assay (ThermoFisher Scientific) per 

manufacturer’s guidelines. 15ug of total protein from each sample is loaded equally to 5-

20% SDS-PAGE gradient gels (Bio-rad; Hercules, CA). Proteins were transferred onto 

nitrocellulose membranes and blocked with 5% BSA in 1X PBS containing 0.01% Tween-

20 (PBST) for 1 hour. After blocking, membranes were incubated with primary antibodies, 

including rabbit anti-metabotropic glutamate receptor 4 (1:500; Abcam), rabbit anti-CREB 

(1/2000; Cell Signaling), rabbit anti-pCREB (1/2000; Cell Signaling), rabbit anti-NFkB 

(p65) (1/2000; Cell Signaling), mouse anti-IkB-  (1/2000; Cell Signaling), rabbit anti-

H2AX (1/5000; Novus Biologicals), and mouse anti--actin (1/20,000; Sigma) overnight 

at 4oC. After three washes with PBST, membranes were incubated with appropriate HRP-

conjugated secondary antibodies (Jackson Immuno Research Laboratories, West Grove, 

PA) for 1h at room temperature. Membranes were washed with PBST and proteins were 

visualized using Super Signaling West Dura Extended Duration Substrate (ThermoFisher 
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Scientific). Chemiluminescence signal was captured using the ChemiDoc TM XRS+ 

System and protein bands were quantified using Image J analysis software (NIH, Bethesda, 

MD). The data reflects the intensity of the target protein normalized to -actin for total 

and H2AX for nuclear extracts. 

2.3.11. Statistical Analysis 

 

Statistical analyses were performed using GraphPad Prism software (San Diego, 

CA). Values of all experiments are represented as mean ± S.E.M. of at least three 

independent experiments. Values were compared using one-way ANOVA analysis of 

variance with Tukey’s post hoc correction. The level of significance was set at #P<0.05, 

##P<0.01, ###P<0.001, and ####P<0.0001 (# represented significance from control group 

while * represented significance from LPS group).  
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Chapter 3: Effect of VU0360172 on Hypobaria-Exacerbated Fluid 

Percussion Injured Rats 

3.1. Introduction 
 

Over the last decade, the number military personnel diagnosed with TBI has nearly 

tripled (DVBIC, 2019). Following exposure to trauma, military service members are 

transported to appropriate level of care, often through aeromedical evacuation (AE), which 

in itself poses increased clinical complications for TBI patients due to extended periods of 

low atmospheric pressure (hypobaria) (Reno, 2010; Lerner & Moscati, 2001; Morris, 1992; 

Clarke & Davis, 2010). Worsened behavioral outcomes including cognitive deficits, 

memory deficits, and depressive-like behaviors have been reported in experimental TBI 

animals that undergo simulated hypobaria (HB) settings (Goodman et al., 2011; Skovira et 

al., 2016; Proctor et al., 2017). Furthermore, previous work from our laboratory have 

showed that simulated hypobaria, over six hours at 576 mmHg, which is equivalent to 8000 

feet above the sea-level, is associated with exacerbation of posttraumatic 

neuroinflammation including prolonged microglial activation, progressive 

neurodegenerative processes and worsened TBI-induced cognitive decline (Skovira et al., 

2016). These effects were specifically due to the low atmospheric pressure as oxygen was 

maintained at normal levels (Skovira et al., 2016). 

Work form our laboratory has shown that administration of the cell cycle inhibitors 

(2-(R)-(1-ethyl-2-hydroxyethylamino)-6-(4-(2-pyridyl)benzyl)-9-

isopropylpurintrihydrochloride (CR8) and Roscovitine, directly following injury, but prior 

to hypobaria was associated with neuroprotective effects- including decreases in 

neurodegenerative responses and improvements in long-term neurological outcomes in FPI 
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rats exposed to HB (Skovira et al., 2016; Kabadi et al., 2014). Furthermore, this treatment 

paradigm was associated with an attenuation of microglial activation following exposure 

to FBI+HB (Skovira et al., 2016). Neuroinflammation is a key secondary response 

following TBI and it has previously been reported that microglia are activated up to one 

year following injury (Loane et al. 2014), causing exacerbations of neurodegenerative 

processes and neurological decline (Loane et al., 2014; Loane & Kumar, 2016).  

The group I metabotropic glutamate (mGlu) receptor contains both mGluR1 and 

mGluR5 which are typically located post-synaptically and signal through Gq to hydrolyze 

phosphoinositide and release Ca2+. Cultured microglia cells express mGluR5 but mGluR1 

levels are very low (Byrnes et al., 2009). Previous research has showed that administration 

of a selective mGluR5 agonist, (RS)-2-chloro-5-hydroxyphenylglycine (CHPG), to rat 

primary microglia stimulated with lipopolysaccharide (LPS) provides anti-inflammatory 

effects including decreased microglial activation and ROS production (Byrnes et al., 2009; 

Loane et al., 2009). Furthermore, CHPG inhibits pro-inflammatory cytokine expression in 

activated microglia and delayed administration of CHPG up to one month after 

experimental TBI in mice reduces the number of activated microglia, lesion volume, and 

improves functional recovery (Byrnes et al., 2012). However, an issue with the use of 

CHPG in the preclinical setting is that it has a poor BBB penetration and limited oral 

bioavailability (Byrnes et al., 2009; Byrnes et al., 2012; Xue et al., 2014). More recently, 

with advancements in designing allosteric modulators, mGluR5 positive allosteric 

modulators (PAMs) have been investigated as potential therapeutic agents for neurological 

disorders and TBI (Foster & Conn, 2017; Kew, 2004; Knoflach et al., 2001; Loane et al., 

2009). In vitro, mGluR5 PAM N-Cyclobutyl-6-[2-(3-fluorophenyl)ethynyl]-3-
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pyridinecarboxamide hydrochloride (VU0360172 or VU) exerts an anti-inflammatory 

effect in LPS-activated microglia cells at lower concentrations than that of CHPG (Loane 

et al., 2014). VU0360172 has several advantages over CHPG as it can cross the BBB, it is 

orally bioavailable, it is dissolvable in saline solution compared to dimethyl sulfoxide 

(DMSO), and it is highly potent (Rodriguez et al., 2010; Zhang et al., 2015). In 

experimental TBI models, VU0360172 reduces neuronal cell loss and microglial-induced 

neuroinflammation by decreasing pro-inflammatory cytokines while concurrently 

increasing anti-inflammatory cytokines (Loane et al., 2014). Furthermore, pharmacological 

inhibition of the mGlu5 receptor enhances the pro-inflammatory phenotype of microglia, 

supporting the hypothesis that activation of the mGlu5 receptor in microglia improves 

recovery after brain injury (Chantong et al., 2014; Loane et al., 2014). There is evidence 

that modulation of mGlu5 receptor with agonists or antagonists significantly changes 

microRNA expression (Loohuis et al., 2015; Lusardi et al., 2012). Thus, we investigated 

microRNAs that are modulated by mGluR5 PAM to find potentially relevant disease and 

treatment biomarkers. 

In order to probe the underlying neuroinflammatory mechanisms driving 

hypobaria-induced exacerbations of TBI deficits, we studied the effect of mGluR5 PAM 

VU0360172 on neuroinflammatory responses- including cytokine and miRNA expression, 

and long-term neurological outcomes in lateral FPI-injured rats that underwent hypobaria. 
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3.2. Results  

3.2.1. VU0360172 attenuates FPI+HB-induced elevation of pro-inflammatory 

markers in the cortex at 24 hours after injury. 

VU0360172 or vehicle was administered to rats randomly and at 24 hours following 

injury, rats were sacrificed, and blood and brain tissues were collected. In order to examine 

the effect of VU0360172 or vehicle on the mRNA expression of pro-inflammatory 

cytokines and chemokines, we probed for TNF-α, IL-1β, IL-6, CCL-2, iNOS and CD74 in 

the ipsilateral cortex at 24 hours after FPI+HB, and compared them with sham injured 

animals. Our results show that FPI+HB rats treated with vehicle had a significant increase 

in the mRNA expression of CD-74, IL-1β and TNF-α (sham vs. FPI+HB vehicle; P<0.001 

 

Figure 3-1. VU0360172 attenuates hypobaria-induced exacerbation of selective 

inflammatory markers at 24-hours following injury. Rats underwent FPI followed by 

administration of VU three hours post injury and prior to being placed in the hypobaric chamber 

(A-C) FPI+HB vehicle-treated animals had increased levels of inflammatory markers 

(***P<0.001 for all three). Inflammatory cytokines CD74 (^P<0.05), and IL-1β and TNF-α 

(^^^P<0.001) were reduced in VU treated animals compared to vehicle-treated counterparts. 

(D-E) There was a significant increase in the expression of IL-6 (*P<0.05) and CCL2 

(**P<0.01) but VU didn’t change their expression. (F) There was no change in the expression 

of iNOS for any group. Values represent mean ± S.E.M of one-way ANOVA with Tukey post-

hoc analysis. 
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for each; Fig. 3-1A-C), as well as IL-6 (sham vs. FPI+HB vehicle; P<0.05; Fig. 3-1D) and 

CCL-2 (sham vs. FPI+HB vehicle; P<0.01; Fig. 3-1E) when compared to the sham injury 

group. Importantly, VU0360172 significantly reduced hypobaria-induced exacerbation of 

FPI inflammatory mediators when compared to FPI+HB vehicle-treated animals: CD-74 

(FPI+HB vehicle vs. FPI+HB VU, P<0.01; Fig. 3-1A), IL-1β (FPI+HB vehicle vs. FPI+HB 

VU, P<0.001; Fig. 3-1B), and TNF-α (FPI+HB vehicle vs. FPI+HB VU, P<0.001; Fig. 3-

1C). There were no significant changes after the administration of VU0360172 in the 

mRNA expression of IL-6, CCL-2, iNOS, GFAP (Fig. 3-1D-F) or Arginase-1 (Data for 

GFAP and Arginase-1 not shown).  

3.2.2. Nanostring analysis of the effect of VU0360172 on FPI+HB-induced changes 

in microRNA expression at 24h and 7d after injury  

We used high-throughput Nanostring technology to identify potential miRNAs that 

were differentially expressed after FPI+HB and VU0360172 treatment (Table 3-1). Our 

analysis showed significant changes in miR-204, miR-132 and miR-223, which we 

confirmed through quantitative PCR (qPCR) in total plasma and brain tissues of rats at 24h 

and 7d post-hypobaria. miR-132 is a CREB-regulated miRNA that is abundantly expressed 

in the brain and plays an important role in neuronal functions (Edbauer et al., 2010; Magill 

et al., 2010; Nudelman et al., 2010). miR-223 has been shown to be a regulator of the 

inflammatory response whose level is increased in the spinal cord of injured mice, as well 

as in the hippocampus after FPI-injured rats (Weisz et al., 2020; Nakanishi et al., 2010). 

miR-204 has been primarily suggested to play a role as a negative regulator of autophagy 
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in ischemia reperfusion injury; expression of miR-204 was shown to be increased in spinal 

cord after ischemia reperfusion injury (Yan et al., 2019).  

3.2.3. Effect of VU0360172 on FPI+HB-induced changes in plasma microRNA levels 

at 24 hours after injury 

We measured expression of known inflammatory (e.g. miR-155) and anti-

inflammatory miRNAs (e.g. miR-124) as well as several miRNAs identified by the 

Nanostring analysis, as discussed above, in the blood plasma 24 hours after injury. There 

was a significant increase in the plasma expression of miR-132 (sham vs. FPI+HB vehicle, 

P<0.0001; Fig. 3-2A) and miR-155 (sham vs. FPI+HB vehicle, P<0.0001; Fig. 3-2B) in 

the vehicle-treated rats. VU0360172 significantly attenuated the expression of both miRs 

in the plasma as measured by qPCR: miR-132 (FPI+HB vehicle vs. FPI+HB VU, 

P<0.0001; Fig. 3-2A) and miR-155 (FPI+HB vehicle vs. FPI+HB VU, P<0.01; Fig. 3-2B). 

There was a significant decrease in the expression of miR-124 (sham vs. FPI+HB vehicle 

; P<0.01; Fig. 3-2C) and  miR-204 (sham vs. FPI+HB vehicle; P<0.5; Fig. 3-2E) in the 

vehicle-treated FPI+HB rats at 24 hours; however, VU0360172 treatment did not modify 

Table 3-1. Nanostring analysis shows modulation of potential miRs at 24h and 7d after 

FPI+HB. Green and red arrows show upregulation and downregulation of miRNAs in FPI+HB 

rats compared to sham, respectively. NC indicates no change.  
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at 24hTable 3-1. Nanostring analysis shows modulation of potential miRs at 24h and 7d 
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Figure 3-2. VU0360172 reduces miR-132 and miR-155 in plasma of FPI+HB injured rats 

at 24h. Rats that underwent FPI+HB were administered the VU drug intraperitoneally 3 hours 

prior to being placed in the hypobaric chamber and 24 hours later, blood was collected for 

analysis of miRs. (A-B) miR-132 and miR-155 (****P<0.0001) were significantly upregulated 

in vehicle-treated injured rats and VU reduced expression of miR-132 (^^^^P<0.0001) and miR-

155 (^^P<0.01). (C-E) There was a significant decrease in the expression of miR-124 

(^^P<0.01) and miR-204 (^P<0.05) in vehicle-treated animals, with no further changes after 

VU administration. There was no change in the level of miR-223 in plasma. Values represent 

mean ± S.E.M of one-way ANOVA with Tukey post-hoc analysis. 

 

Figure 3-3. VU0360172 reduces miR-223 in the cortex of FPI+HB injured rats at 

24hFigure 3-2. VU0360172 reduces miR-132 and miR-155 in plasma of FPI+HB injured 

rats at 24h. Rats that underwent FPI+HB were administered the VU drug intraperitoneally 3 
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these alterations . There were no changes in the expression of miR-223 in the plasma at the 

24h time-point (Fig. 3-2D). 

 

3.2.4. Effect of VU0360172 on FPI+HB-induced changes in the cortex and 

hippocampus microRNA levels at 24 hours after injury 

Next, we measured miRNA expressions in the ipsilateral cortex and hippocampus 

of rats via qPCR. There was a significant increase in the expression of miR-223 in the 

cortex (sham vs. FPI+HB vehicle; P<0.001; Fig. 3-3A) and hippocampus (sham vs. 

FPI+HB vehicle; P<0.0001; Fig. 3-4A) of vehicle-treated animals; VU0360172 reduced 

Figure 3-2. VU0360172 reduces miR-132 and miR-155 in plasma of FPI+HB injured rats 

at 24h. Rats that underwent FPI+HB were administered the VU drug intraperitoneally 3 hours 

prior to being placed in the hypobaric chamber and 24 hours later, blood was collected for 

analysis of miRs. (A-B) miR-132 and miR-155 (****P<0.0001) were significantly upregulated 

in vehicle-treated injured rats and VU reduced expression of miR-132 (^^^^P<0.0001) and 

miR-155 (^^P<0.01). (C-E) There was a significant decrease in the expression of miR-124 

(^^P<0.01) and miR-204 (^P<0.05) in vehicle-treated animals, with no further changes after 

VU administration. There was no change in the level of miR-223 in the plasma. Values 

represent mean ± S.E.M of one-way ANOVA with Tukey post-hoc analysis. 
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this inflammatory miRNA in the cortex (FPI+HB vehicle vs. FPI+HB VU, P<0.01; Fig. 3-

3A) and hippocampus (FPI+HB vehicle vs. FPI+HB VU, P<0.0001; Fig. 3-4A).  

 

There were no significant changes in the measured levels of miR-132 and miR-204 in the 

 

Figure 3-3. VU0360172 reduces miR-223 in the cortex of FPI+HB injured rats at 24h. 

FPI+HB rats were administered the VU drug intraperitoneally 3 hours prior to being placed 

in the hypobaric chamber and 24 hours later, ipsilateral cortices were collected for analysis 

of miRs. (A) miR-223 was significantly upregulated in vehicle-treated FPI+HB rats 

(***P<0.001) and VU significantly reduced miR-223 expression in the ipsilateral cortices of 

injured rats (^^P<0.01. (B-C) There were no significant changes in the expression of miR-

132 and miR-204 in the cortex. Values represent mean ± S.E.M of one-way ANOVA with 

Tukey post-hoc analysis. 

Figure 3-4. VU0360172 reduces miR-223 in the hippocampus of FPI+HB injured rats 

at 24h. FPI+HB rats were administered the VU drug intraperitoneally 3 hours prior to being 

placed in the hypobaric chamber and 24 hours later, hippocampi were collected for analysis 

of miRs. (A) miR-223 was significantly increased in the hippocampus of vehicle-treated 

injured rats (****P<0.0001) while treatment with VU significantly attenuated this increase 

(^^^^P<0.0001). (B-C) There were no significant changes in the expression of miR-132 and 

miR-204 in the hippocampus at 24 hours. Values represent mean ± S.E.M of one-way 

ANOVA with Tukey post-hoc analysis. 
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cortex and hippocampus in the presence of the mGluR5 PAM (Figs. 3-3B-C and 3-4B-

C).  

3.2.5. VU0360172 attenuates FPI+HB-induced elevation of pro-inflammatory 

markers in the cortex on day 7 after injury 

Previous studies have demonstrated that peak of neuroinflammatory responses, 

including microglial activation and miRNA responses, occurs 7 days following injury 

(Loane et al., 2014; Henry et al., 2019). Therefore, we examined the effect of VU0360172 

treatment on inflammatory markers and miRNAs at 7 days following FPI+HB. Rats were 

randomly selected to receive VU0360172 or vehicle post injury but prior to hypobaric 

exposure, and they were sacrificed at 7 days following injury. Our results showed a robust 

increase in the inflammatory chemokines and cytokines including CCL-2, TNF-α and IL-

1β in FPI+HB vehicle-treated rats compared to the sham injured rats (sham vs. FPI+HB 

 

Figure 3-5. VU0360172 attenuates hypobaria-exacerbated upregulation of certain 

inflammatory markers at 7 days. Cortex inflammatory chemokine and cytokines were 

measured at 7 days in vehicle and VU-treated FPI+HB injured rat cortices. Vehicle and VU 

were administered once at 3 hours post injury intraperitoneally. (A-C) Levels of inflammatory 

markers such as CCL-2, IL-1β and TNF-α were significantly increased in the vehicle-treated 

FPI+HB group for all three inflammatory markers (***P<0.001). VU treatment reduced 

expression of CCL2 and IL-1β (^^P<0.01) as well as TNF-α (^^^P<0.001) compared to vehicle-

treated rats. Values represent mean ± S.E.M of one-way ANOVA with Tukey post-hoc analysis. 
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vehicle; P<0.001 for all three; Fig. 3-5A-C). Treatment with VU0360172 reduced mRNA 

expressions of CCL-2 and IL-1β (FPI+HB vehicle vs. FPI+HB VU, P<0.01; Fig. 3-5A-B) 

as well as TNF-α (FPI+HB vehicle vs. FPI+HB VU, P<0.001; Fig. 3-5C).  

3.2.6. Effect of VU0360172 treatment on FPI+HB-induced changes in plasma 

microRNA levels at day 7 after injury  

Next we measured miRNA levels in the plasma following treatment with vehicle 

or VU0360172 in FPI+HB rats at seven days. Expression of miR-223, miR-132 and miR-

204 were significantly increased in the plasma of FPI+HB vehicle group (sham vs. 

FPI+HB vehicle; P<0.0001 for each miR; Figs. 3-6A-C) and treatment with VU0360172 

Figure 3-6. mGluR5 PAM, VU0360172, attenuates FPI+HB induced increase levels of 

miR-223, miR-132 and miR-204 in plasma at 7 days. (A-C) miR-223, miR-132 and miR-

204 were significantly increased in vehicle-treated FPI+HB rats (****P<0.0001 for all three) 

and VU administration caused a significant downregulation of these miRs (^^^^P<0.0001) at 7 

days in the plasma. (D) miR-124 was significantly increased in FPI+HB VU-treated group 

(^^^P<0.001). (E) There was a significant increase in miR-155 expression in vehicle-treated 

rats (*P<0.05). Values represent mean ± S.E.M of one-way ANOVA with Tukey post-hoc 

analysis. 



46 
 

significantly reversed this increase for all three miRs (FPI+HB vehicle vs. FPI+HB VU, 

P<0.0001 for each miR; Figs. 3-6A-C). miR-124 expression was increased in the 

FPI+HB VU-treated group at 7 days (FPI+HB vehicle vs. FPI+HB VU, P<0.001; Fig. 3-

6D) and miR-155 was increased in FPI+HB vehicle at 7 days (sham vs. FPI+HB vehicle, 

P<0.05; Fig. 3-6E), but treatment with VU0360172 did not change miR-155 expression.  

3.2.7. VU0360172 attenuates FPI+HB-induced elevation of miR-223 in the cortex 

and hippocampus at day 7 post-injury. 

miR-223 and miR-204 were the only two microRNAs that showed significant 

changes in the Nanostring analysis in the brain tissue at the 7d time-point. Expression of 

miR-223 was significantly increased in the FPI+HB vehicle group across cortex and 

hippocampus as measured by qPCR (sham vs. FPI+HB vehicle; P<0.0001 for each; Figs. 

3-7A, 3-8A), and treatment with VU0360172 reduced the expression of miR-223 in  

both cortex (FPI+HB vehicle vs. FPI+HB VU, P<0.0001; Figs. 3-7A) and hippocampus 

(FPI+HB vehicle vs. FPI+HB VU, P<0.01; Fig. 3-8A). There were no changes in the 

Figure 3-7. mGluR5 PAM, VU0360172, attenuates FPI+HB induced levels of miR-223 in 

cortex at 7 days. (A) miR-223 expression in the cortex was significantly increased in vehicle-

treated rats (****P<0.0001) and VU reduced its expression (^^^^P<0.0001) at 7 days. (B) 

There was no change in miR-204 expression at 7 days. Values represent mean ± S.E.M of 

one-way ANOVA with Tukey post-hoc analysis. 
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expression of miR-204 in cortex and hippocampus of VU0360172 treated animals (Figs. 

3-7B, 3-8B). 

  

3.2.8. Effect of VU0360172 on FPI+HB-induced neurological dysfunctions 

 

In order to assess the effect of VU0360172 on neurobehavioral outcomes in 

FPI+HB rats, we evaluated motor and cognitive behavioral tasks up to 28 days post-injury. 

Based on a previously published paper on the subcutaneous administration of VU0360172 

in rats (D’ Amore et al., 2014), we used this route of administration for this experiment. 

Motor function was measured using a Composite Neuroscore test as previously described 

(Kabadi et al., 2010). Our results showed significant deficits in motor outcomes in the 

vehicle-treated FPI+HB rats compared to sham rats; motor deficit was most significant at 

1, 3 and 7 days post-injury (sham vs. FPI+HB vehicle; P<0.001 for 1, 3, and 7 days; Fig. 

3-9A) and lasted until day 21 post-injury (sham vs. FPI+HB vehicle 21days; P<0.05; Fig. 

Figure 3-8. mGluR5 PAM, VU0360172, attenuates FPI+HB induced levels of miR-223 in 

hippocampus at 7 days. (A-B) miR-223 expression was increased in vehicle-treated FPI+HB 

rats (****P<0.0001) and VU decreased its expression significantly at seven days (^^P<0.01). 

(B) There was no significant change in miR-204 expression in the hippocampus at 7 days. 

Values represent mean ± S.E.M of one-way ANOVA with Tukey post-hoc analysis. 
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3-9A). Administration of VU0360172 to FPI+HB rats did not reverse motor deficits as 

measured by the Composite Neuroscore test.  

 

 

Next we measured non-spatial cognitive deficits through Novel Object Recognition 

as previously described (Kabadi et al., 2010). Vehicle-treated FPI+HB rats showed deficits 

in this cognitive test, but it did not reach significance (Fig. 3-10A). VU0360172 treatment 

did not modify this outcome.  

Figure 3-9. Effect of VU0360172 on Composite Neuroscore. Rats were tested on days 0, 1, 

3, 7, 14, and 21 post-hypobaria by a series of tests. (A) FPI+HB vehicle rats showed a significant 

deficit in neuroscore post-injury at days 1, 3, 7 (***P<0.001), 14 (**P<0.01) and 21 (*P<0.05), 

but VU0360172 did not ameliorate this motor behavioral deficit. Values represent mean ± 

S.E.M of Kruskal-Wallis test followed by Dunn’s post-hoc analysis. 
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3.3. Discussion 

 

In this study, we evaluated the effects of mGluR5 PAM VU0360172 on the 

pathobiology of hypobaria exacerbation of TBI secondary injury mechanisms, including 

microglial activation, evidenced by changes in the expression of pro-inflammatory 

markers. Administration of VU0360172 after FPI but before hypobaria served as a 

prophylaxis to inhibit hypobaria-exacerbated FPI changes in the brain. Our findings show 

that FPI+HB increased a number of pro-inflammatory mediators as measured by qPCR, 

whereas VU0360172 attenuated some of these pro-inflammatory cytokines (IL-1β and 

TNF-α) and chemokines (CCL2) through 7 days following injury. Furthermore, in order to 

identify potential miRNA biomarkers of injury and inflammatory response, we used 

Nanostring technology and identified novel microRNA targets including miR-204, miR-

Figure 3-10. Effect of VU0360172 on retention memory measured by Novel Object 

Recognition test. (A) Rats were tested on post-hypobaria day 21 to measure their non-spatial 

learning and memory. No significant changes between the groups were observed with this 

behavioral test. Values represent mean ± S.E.M of Kruskal-Wallis test followed by Dunn’s 

post-hoc analysis. 

 

Figure 4-1. LPS and ADX88178 concentration-response in BV2 microgliaFigure 3-10. 

Effect of VU0360172 on retention memory measured by Novel Object Recognition test. 

(A) Rats were tested on post-hypobaria day 21 to measure their non-spatial learning and 

memory. No significant changes between the groups were observed with this behavioral test. 

Values represent mean ± S.E.M of Kruskal-Wallis test followed by Dunn’s post-hoc analysis. 

 

Figure 4-1. LPS and ADX88178 concentration-response in BV2 microglia. Different 

concentrations of LPS and ADX88178 were tested on BV2 microglia to establish the lowest 

concentration that produced a robust response. (A) LPS 20ng/mL was the lowest concentration 

that produced a significant NO release in BV2 microglia (####P<0.0001, control vs. LPS 

20ng/mL). (B) LPS at 20ng/mL produced a significant NO release (####P<0.0001, control vs. 

LPS), but nanomolar (nM) concentrations of ADX88178 did not inhibit LPS-induced NO 

release. (C) LPS at 20ng/mL caused significant nitrite release (####P<0.0001, control vs. LPS). 

The ADX88178 concentration curve was extended to micromolar (µM) concentrations, and 

ADX88178 at 20µM significantly attenuated LPS-stimulated NO release in BV2 microglia 

(****P<0.0001, LPS vs. LPS+ADX88178 20µM).  

 

 

Figure 4-2. Effect of ADX88178 on LPS-induced up-regulation of NO release TNF-α 

protein levels in BV2 cellsFigure 4-1. LPS and ADX88178 concentration-response in BV2 

microgliaFigure 3-10. Effect of VU0360172 on retention memory measured by Novel 

Object Recognition test. (A) Rats were tested on post-hypobaria day 21 to measure their non-

spatial learning and memory. No significant changes between the groups were observed with 

this behavioral test. Values represent mean ± S.E.M of Kruskal-Wallis test followed by Dunn’s 

post-hoc analysis. 
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132 and miR-223. We looked at peripheral and central miRNA expression across tissue 

and plasma at 24h and 7d post-injury. Some miRNAs (e.g. miR-223) were up-regulated in 

both brain tissue and blood plasma at 7d in FPI+HB vehicle-treated rats. VU0360172 

treatment attenuated these changes. Finally, in order to assess the effect of VU0360172 on 

neurobehavioral outcomes, we measured motor and cognitive function over 28 days. 

Although data suggested a significant deficit in motor function and an apparent decline in 

cognitive function of vehicle-treated FPI+HB rats, VU0360172 treatment did not 

significantly alter these neurobehavioral deficits.  

We have previously showed that hypobaria exacerbates FPI behavioral deficits and 

increases microglial activation, lesion volume, and pro-inflammatory factors. 

Administration of the cell cycle inhibitor CR8 three hours after injury but prior to 

hypobaria attenuated hypobaria-exacerbated post-traumatic inflammation (Skovira et al., 

2016). Markers of inflammation were measured at 24 hours post injury in the injured cortex 

and plasma. IL-6 level in the injured cortex decreased significantly after CR8 treatment; 

however, other measured cytokines (IL-1β, IFN-Ɣ, IL-12, IL-10 or IL-2) did not change. 

The only detected cytokines in the plasma (IL-2, IL-10 and IL-12) also did not change 

following treatment (Skovira et al., 2016).  

In the present study, we compared time-dependent cytokine changes in the brain as 

well as microRNA changes in the brain tissue and plasma. The rationale for the present 

study was our previously published work showing that VU0360172 administration in mice 

after CCI reduced neuroinflammation, chronic microglial activation and neurological 

deficits (Loane et al., 2014). As hypobaria-exacerbated tissue damage reflects, in part, 

enhanced chronic microglial activation, this drug appeared to have potential. Here we 
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tested the hypothesis that VU0360172 limits chronically activated microglial responses in 

FPI+HB rats compared to vehicle treatment. We also measured temporal and spatial 

profiles of pro- and anti-inflammatory miRNAs in response to injury and VU0360172 

treatment.  

Consistent with previous studies in mice, VU0360172 significantly reduced mRNA 

levels of pro-inflammatory cytokines such as IL-1β and TNF-α at 24 hours and 7 days post-

injury. We also saw a decrease in the pro-inflammatory markers CD74 and CCL-2 at 24 

hours and 7 days, respectively. VU0360172 significantly decreased pro-inflammatory 

miR-155 expression and increased anti-inflammatory miR-124 expression in the plasma. 

These results are consistent with the observation from the previous study which showed 

that VU0360172 decreases pro-inflammatory microglial phenotype (iNOS) while 

concurrently increases anti-inflammatory microglial phenotype (Arginase-1) (Loane et al., 

2014).  

We measured other miRNAs, including miR-132, 223, and 204 based on the result 

of Nanostring analysis. MicroRNAs can be secreted from neurons and glia in the brain or 

from peripheral cells and can be carried alone, with other proteins or packaged in exosomes 

to other cells. In this study, we measured the microRNA expression in the plasma as well 

as in the brain tissue. FPI+HB vehicle-treated rats showed increased plasma levels of miR-

132. VU0360172 treatment of FPI+HB rats significantly reduced the plasma levels of miR-

132 at 24 hours and 7 days. However, there was not a significant correlation between the 

plasma levels of miR-132 and those in the cortex or hippocampus. miR-132 is regulated 

by cyclic AMP-responsive element binding (CREB) and plays an important role in 

neuronal function such as neuronal differentiation, maturation and migration (Cheng et al., 
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2007; Qian et al., 2017). Dysregulation of miR-132 has been associated with neurological 

disorders including Parkinson’s disease (PD), epilepsy and schizophrenia (Qian et al., 

2017). Inhibition of miR-132 results in apoptosis in cultured primary neurons through 

regulation of PTEN, FOXO3a and P300 which are all important regulators of the AKT 

signaling pathway (Wong et al., 2013). While majority of the studies have focused on the 

importance of miR-132 in neurons, there is a limited number of studies on the role of this 

miRNA on inflammation. In astrocytes, miR-132 exerts anti-inflammatory actions by 

targeting TGF-β associated pathways and through reducing IL-1β (Korotkov et al., 2020). 

Furthermore, inhibition of miR-132 in astrocytes, increased the expression of pro-

inflammatory genes (Korotkov et al., 2020). In another study, extracellularly delivered 

miR-132 was shown to activate of TLR7/8 on microglia cells to induce the release of pro-

inflammatory TNF-α (Wallach et al., 2020). However, in our experiments, miR-132 

changes after FPI+HB and VU0360172 treatment were only seen in the plasma of rats 

which may suggest this miR as a target for peripheral inflammation rather than an indicator 

of neuroinflammation.  

Plasma miR-223 expression was increased at 7 days in vehicle-treated rats after 

FPI+HB, and significantly reduced by VU0360172 treatment. Similarly, there was a 

significant increase in the levels of miR-223 at 24 hours and 7 days in the cortex and 

hippocampus of FPI+HB vehicle-treated rats; VU0360172 treatment at each time point 

significantly reduced these changes. Increased level of miR-223 has been reported in the 

ipsilateral hippocampus of controlled cortical impact (CCI)-injured mice at 1-, 3- and 7-

days post injury (Harrison et al., 2017). Expression of miR-223 has been shown to be 

increased in the spinal cord of injured mice and rats up to one week after injury; whereas, 
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inhibition of miR-223 attenuates changes in inflammatory factors (IL-1β, TNF-α and IL-

6) and reduces behavioral deficits (Guan et al., 2019; Nakanishi et al., 2010) in the injured 

spinal cord of mice and rats. miR-223 is enriched in microglia and it is an important 

autophagy regulator; miR-223 inhibition in autoimmune encephalomyelitis (EAE) mice 

mitigated behavioral and pathobiological changes by increasing autophagy in microglia 

cells (Jovicic et al., 2013; Li et al., 2017). Furthermore miR-223 inhibited autophagy in 

LPS-stimulated BV2 microglia (Li et al., 2017). Autophagy is an important neuroprotective 

mechanism against neuroinflammation. Therefore, in our experiment, miR-223 

upregulation in the brain tissue may indicate inhibition of autophagy in microglia in 

FPI+HB rats, and its attenuation after VU0360172 administration may suggest the reversal 

of autophagy inhibition. Furthermore, miR-223 presents as a promising biomarker for the 

detection of FPI+HB changes because it is enhanced in the plasma after a significant 

upregulation in the brain which may suggest that miR-223 is released from the brain into 

the plasma. 

Expression of miR-204 was significantly increased in the plasma of FPI+HB rats 

at 7 days injury, which was reduced by VU0360172 treatment. No change in the level of 

miR-204 in the cortex and hippocampus was observed at either time point. miRNA-204 

has been suggested as a potential diagnostic biomarker of early-stage dementia in 

neurodegenerative disorders (Weisz et al., 2020; Schneider et al., 2018). Another study 

using N9 microglia cells demonstrated that miR-204 promoted LPS-induced inflammation 

through inhibition of its target mRNA Sirtuin1 (SIRT1) and that a miR-204 inhibitor 

repressed microglial proliferation and inflammation (Li et al., 2015). SIRT1 plays an 

important role in the regulation of inflammation by deacetylating histones and essential 
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transcription factors such as nuclear factor kappa B (NF-kB) and activation protein (AP-1) 

(Yeung et al., 2004; Zhang et al., 2010). Furthermore, SIRT1 serves as a regulator of the 

brain bioenergetics through exerting its actions on mitochondrial function. It has been 

shown that plasma protein levels of SIRT1 from war veterans is decreased (Joshi et al., 

2020). Therefore, we believe that increased miR-204 in the plasma of FPI+HB rats at 7 

days indicates a disruption in SIRT1 expression and mitochondrial bioenergetics and 

VU0360172 can reverse these changes. This hypothesis has to be explored in future studies. 

As shown here, others have reported that expression of miRNAs in the body fluids 

do not necessarily match or reflect cellular miRNA content (Pigati et al., 2010; Di Pietro 

et al., 2018). Such a lack of correlation may reflect the fact that some miRNAs are secreted 

from injured cells, such as neurons and microglia, and transported through exosomes, 

microvesicles or with complex proteins; and that tissue composition changes after injury 

(e.g. neuronal cell loss, microglial activation and astrogliosis) can affect miRNA 

expression in those tissues (Fabbri et al., 2012; Gaudet et al., 2018). For example, we 

showed that experimental TBI causes the release of microvesicles from microglial cells, 

which contain pro-inflammatory mediators such as miR-155 (Kumar et al., 2017).  

We looked at the effect of mGluR5 PAM VU0360172 on behavioral deficits 

following FPI+HB. Although FPI+HB caused a significant motor deficit, cognitive 

changes were less pronounced. The differences from our prior work may reflect lesser 

injury severity and a larger degree of variability because of altered injury devices. Despite 

its ability to reduce select inflammatory factors, VU0360172 administration did not alter 

motor deficits, in contrast to our prior work in mice using a CCI model. While there may 

be several reasons for this observed outcome, we believe that there are two main possible 
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explanations: (1) Dose- in the mouse study, 50mg/kg of VU0360172 was administered at 

3 hour and 24 hour timepoints but we only injected the drug at 10mg/kg at 3h, 1d and 3d; 

(2) Route of administration- in the previously published study in mice VU0360172 was 

administered intraperitoneally, but in this study, we administered VU0360172 

subcutaneously. Different drug administration routes change how the drug is metabolized 

and potentially alter its effects. For example, intraperitoneal injection is typically absorbed 

faster, has a shorter therapeutic window, and is metabolized by the liver; whereas in the 

subcutaneous injection, the drug bypasses liver and, generally, this route of injection has a 

longer therapeutic window. These points should be addressed in future studies in order to 

investigate these discrepancies. 

Overall, this study shows that VU0360172 attenuates pro-inflammatory factors 

associated with microglial activation, including a number of miRNAs, following 

hypobaria-exacerbated FPI in rats. 
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Chapter 4: Putative mGluR4 Positive Allosteric Modulators Activate 

Gi-Independent Anti-Inflammatory Mechanisms in Microglia1 

 

4.1. Introduction 

 

Glutamate is the principal excitatory neurotransmitter in the brain, which acts on 

iGluRs and mGluRs (Conn & Pin, 1997; Nicoletti et al., 1996). mGluRs are expressed not 

only on neurons but also on glial cells, including microglia, and can modulate their 

function. mGluR4 belongs to group III mGlu receptor that also contains mGlu 6, 7 and 8 

receptor subtypes. On neurons, group II and III are located pre-synaptically, classically 

couple to Gαi/o and their activation causes reduced glutamatergic signaling leading to 

neuroprotection.  

Similarity in the ligand binding domain of mGluRs has hindered the development 

of selective agonists that bind directly to the receptor ligand binding site (orthosteric); the 

lack of subtype selectivity is a major limitation when interpreting pharmacological effects. 

In contrast, investigation of the role of individual mGluRs has benefited from the more 

recent development of allosteric modulators. PAMs bind to a separate allosteric site that 

increases receptor subtype selectivity but may also prime the receptor towards distinct 

signaling cascades (Foster & Conn, 2017; Kew, 2004; Knoflach et al., 2001; Loane et al., 

2009).  

In a rodent model of Parkinson’s disease, it was reported that the mGluR4 PAM 

VU0155041 has anti-inflammatory effects associated with decreased levels of Iba1-

positive microglia and GFAP-positive astrocytes (Betts et al., 2012).  

________________________ 
1Abulwerdi G, Stoica BA, Loane DJ, Faden AI. Putative mGluR4 Positive Allosteric Modulators 

Activate Gi-Independent Anti-Inflammatory Mechanisms in Microglia. Neurochem Int. 

2020:104770. This text is reformatted and modified for this thesis. 
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However, it remains unclear if these changes reflect actions mediated through 

mGluR4. While there is a large number of pre-clinical studies on the anti-parkinsonian 

properties of mGluR4, there is limited research on the effect of mGluR4 on microglial 

activation and their mechanism of action. In primary microglia cultures in vitro, expression 

of mGluR4, mGluR6, and mGluR8 were confirmed at both the mRNA and protein levels 

and activation of these receptors using the orthosteric group III agonist L-AP4 attenuated 

microglial activation (Taylor et al., 2003). Although these results suggest that activation of 

group III mGluR can directly impact microglial responses, L-AP4 lacks subtype specificity 

and therefore does not allow a precise determination of the group III mGluR subtype 

responsible for its anti-inflammatory effects.  

ADX88178 (5-Methyl-N-(4-methylpyrimidin-2-yl)-4-(1H-pyrazol-4-yl) thiazol-2-

amine) was initially characterized as a potent mGluR4 PAM that reduced microglia-

mediated neuroinflammation in vitro. This anti-inflammatory effect was reported to be 

attenuated in cultured microglia derived from mGluR4 knockout mice, which suggested 

that the mGluR4 receptors are necessary for its anti-inflammatory actions (Ponnazhagan et 

al., 2016). However, the signaling mechanism leading to this effect has not been previously 

described. Therefore, we examined whether the anti-inflammatory effects of ADX88178 

are replicated by other putative mGluR4 PAMs or orthosteric agonists in cultured microglia 

and if such actions are executed through an mGluR4 canonical Gi-coupled signaling 

pathway. Our data show that putative mGluR4 agonists have inconsistent anti-

inflammatory actions and that anti-inflammatory actions of ADX88178 in microglial 

cultures appear to involve mGluR4-independent signaling- leading to attenuation of NFkB 

and CREB phosphorylation. 
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4.2. Results 

4.2.1. ADX88178 attenuates LPS-induced activation of pro-inflammatory pathways, 

while L-AP4 shows no anti-inflammatory effect in BV2 microglia 

To examine mGluR4 PAM ADX88178 and group III orthosteric agonist L-AP4 

anti-inflammatory effects in microglia culture, BV2 microglia were incubated with either 

ADX88178 or L-AP4 and then stimulated with LPS. LPS concentration response showed 

LPS 20ng/mL was the lowest LPS concentration that gave a robust nitrite release in BV2 

microglia (control vs. LPS 20ng/mL; P<0.0001; Fig. 4-1A). Nitrite levels (NO) in the 

supernatant of BV2 cells stimulated with LPS were significantly increased compared to 

control cells (control vs. LPS; P<0.0001; Fig. 4-1A). In our initial concentration-response 

studies in BV2 microglia, we evaluated the effect of ADX88178 at nanomolar (nM) 

concentrations in LPS-stimulated BV2 microglia but did not detect significant effects at 

these low concentrations (Fig. 4-1B). Pretreatment with ADX88178 at 20M was the 
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lowest concentration that showed optimal inhibition of LPS-induced NO upregulation (Fig. 

4-1C). There is evidence that unlike murine models, human macrophages/microglia may 

have an impaired NO response to inflammatory stimuli due in part to epigenetic inhibition 

of inducible NO synthase (Gross et al., 2014). In the current study, we used NO as one of 

several markers of upstream inflammatory cascades and their regulation. We measured 

TNF-α protein levels at 6-hour and 24-hour time points. There was a robust increase in 

released TNF-α after LPS stimulation followed by a significant concentration-dependent 

decrease in the presence of ADX88178. As the maximal effect of ADX88178 was observed 

Figure 4-1. LPS and ADX88178 concentration-response in BV2 microglia. Different 

concentrations of LPS and ADX88178 were tested on BV2 microglia to establish the lowest 

concentration that produced a robust response. (A) LPS 20ng/mL was the lowest concentration 

that produced a significant NO release in BV2 microglia (####P<0.0001, control vs. LPS 

20ng/mL). (B) LPS at 20ng/mL produced a significant NO release (####P<0.0001, control vs. 

LPS), but nanomolar (nM) concentrations of ADX88178 did not inhibit LPS-induced NO 

release. (C) LPS at 20ng/mL caused significant nitrite release (####P<0.0001, control vs. LPS). 

The ADX88178 concentration curve was extended to micromolar (µM) concentrations, and 

ADX88178 at 20µM significantly attenuated LPS-stimulated NO release in BV2 microglia 

(****P<0.0001, LPS vs. LPS+ADX88178 20µM).  

 

 

Figure 4-2. Effect of ADX88178 on LPS-induced up-regulation of NO release TNF-α 

protein levels in BV2 cellsFigure 4-1. LPS and ADX88178 concentration-response in BV2 

microglia. Different concentrations of LPS and ADX88178 were tested on BV2 microglia to 

establish the lowest concentration that produced a robust response. (A) LPS 20ng/mL was the 

lowest concentration that produced a significant NO release in BV2 microglia (####P<0.0001, 

control vs. LPS 20ng/mL). (B) LPS at 20ng/mL produced a significant NO release 

(####P<0.0001, control vs. LPS), but nanomolar (nM) concentrations of ADX88178 did not 

inhibit LPS-induced NO release. (C) LPS at 20ng/mL caused significant nitrite release 

(####P<0.0001, control vs. LPS). The ADX88178 concentration curve was extended to 

micromolar (µM) concentrations, and ADX88178 at 20µM significantly attenuated LPS-

stimulated NO release in BV2 microglia (****P<0.0001, LPS vs. LPS+ADX88178 20µM).  

 

 

Figure 4-2. Effect of ADX88178 on LPS-induced up-regulation of NO release TNF-α 

protein levels in BV2 cells. BV2 microglia cells were pre-treated with ADX88178 (5-20M) 

for 30 minutes followed by stimulation with or without LPS (20ng/mL) for the next 24 hours. 

(A-B) LPS stimulation resulted in a significant increase in nitrite production and TNF-α release 

(####P<0.0001 vs. control for both). ADX88178 treatment significantly reduced LPS-induced 

nitrite production starting at 5M (****P<0.0001 vs. LPS), and TNF-α release at 20M for 

both 6 hour and 24-hour time points (****P<0.0001 vs. LPS). Values represent mean ± S.E.M 

of one-way ANOVA with Tukey post-hoc analysis. 

 

 

 

Figure 4-3. Effect of ADX88178 and L-AP4 on LPS-induced up-regulation of pro-

inflammatory markers at mRNA levels in BV2 cellsFigure 4-2. Effect of ADX88178 on 

LPS-induced up-regulation of NO release TNF-α protein levels in BV2 cellsFigure 4-1. 

LPS and ADX88178 concentration-response in BV2 microglia. Different concentrations of 

LPS and ADX88178 were tested on BV2 microglia to establish the lowest concentration that 

produced a robust response. (A) LPS 20ng/mL was the lowest concentration that produced a 

significant NO release in BV2 microglia (####P<0.0001, control vs. LPS 20ng/mL). (B) LPS 

at 20ng/mL produced a significant NO release (####P<0.0001, control vs. LPS), but nanomolar 

(nM) concentrations of ADX88178 did not inhibit LPS-induced NO release. (C) LPS at 

20ng/mL caused significant nitrite release (####P<0.0001, control vs. LPS). The ADX88178 

concentration curve was extended to micromolar (µM) concentrations, and ADX88178 at 

20µM significantly attenuated LPS-stimulated NO release in BV2 microglia (****P<0.0001, 

LPS vs. LPS+ADX88178 20µM).  

 

Figure 4-2. Effect of ADX88178 on LPS-induced up-regulation of NO release TNF-α 

protein levels in BV2 cells. BV2 microglia cells were pre-treated with ADX88178 (5-20M) 

for 30 minutes followed by stimulation with or without LPS (20ng/mL) for the next 24 hours. 

(A-B) LPS stimulation resulted in a significant increase in nitrite production and TNF-α release 

(####P<0.0001 vs. control for both). ADX88178 treatment significantly reduced LPS-induced 

nitrite production starting at 5M (****P<0.0001 vs. LPS), and TNF-α release at 20M for 

both 6 hour and 24-hour time points (****P<0.0001 vs. LPS). Values represent mean ± S.E.M 

of one-way ANOVA with Tukey post-hoc analysis. 
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at 20M for both time points (24h LPS vs. 24h LPS+ADX88178 20M, P<0.0001; Fig. 4-

2B), this concentration was used for the remainder of our experiments. 

  We evaluated mRNA expression of pro-inflammatory cytokines (TNF-α and IL-

1β), inflammatory microRNA (miR-155), chemokine (CCL-2), and anti-inflammatory 

cytokines (Arginase-1 and IL-10) after treatment with 20M ADX88178 or 100M L-

AP4. LPS stimulation of BV2 microglia significantly increased the expression of miR-155 

(LPS vs. control, P<0.001; Fig. 4-3A), TNF-α (LPS vs. control, P<0.001; Fig. 4-3B), IL-

1β (LPS vs. control, P<0.01; Fig. 4-3C), and CCL-2 (LPS vs. control, P<0.0001; Fig. 4-

3D). ADX88178 reduced LPS-stimulated levels of the following inflammatory mediators 

Figure 4-3. Effect of ADX88178 and L-AP4 on LPS-induced up-regulation of pro-

inflammatory markers at mRNA levels in BV2 cells. BV2 microglia cells were pre-treated 

with ADX88178 (5-20M) or L-AP4 (100M) for 30 minutes followed by stimulation with or 

without LPS (20ng/mL) for the next 24 hours. (A-D) mRNA expression of pro-inflammatory 

mediators in BV2 microglia were measured at 24 hours. While L-AP4 exerted no anti-

inflammatory effect, ADX88178 pre-treatment resulted in a significant downregulation of LPS-

induced mRNA levels of miR-155 and TNF-α (***P<0.001 vs. LPS for both), IL-1β (**P<0.01 

vs. LPS) and CCL-2 (****P<0.0001 vs. LPS). (E-F) There were no significant changes in 

mRNA expression levels of anti-inflammatory cytokines IL-10 and Arginase-1. Values 

represent mean ± S.E.M of one-way ANOVA with Tukey post-hoc analysis. 

 

 

 

Figure 4-4. Effect of ADX88178 on IL-10 protein levels and cell viabilityFigure 4-3. Effect 

of ADX88178 and L-AP4 on LPS-induced up-regulation of pro-inflammatory markers at 

mRNA levels in BV2 cells. BV2 microglia cells were pre-treated with ADX88178 (5-20M) 
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in BV2 microglia: miR-155 (LPS vs. LPS+ADX88178, P<0.001; Fig. 4-3A), TNF-α (LPS 

vs. LPS+ADX88178, P<0.001; Fig. 4-3B), IL-1β (LPS vs. LPS+ADX88178, P<0.01; Fig. 

4-3C), and CCL-2 (LPS vs. LPS+ADX88178, P<0.0001; Fig. 4-3D); however, L-AP4 did 

not attenuate any of these LPS-induced inflammatory mediators. Neither ADX88178 nor 

L-AP4 significantly changed mRNA expression of anti-inflammatory cytokines such as 

IL-10 and Arginase-1 (Fig. 4-3E-F). To confirm, we performed ELISA to measure protein 

level of anti-inflammatory marker IL-10 in the presence or absence of ADX88178, and we 

found no significant changes between the treatment groups (Fig. 4-4A). Treatment with 

increasing concentrations of ADX88178 did not adversely affect BV2 microglia cell 

viability when compared with control cells (Fig. 4-4B). To further show similar cell 

viability between the treated groups, we took cell images of control, LPS and 

LPS+ADX88178 treated BV2 cells (Fig. 4-5A-C). 

 

Figure 4-4. Effect of ADX88178 on IL-10 protein levels and cell viability. BV2 microglia 

cells were pre-treated with ADX88178 (5-20M) for 30 minutes followed by stimulation with 

or without LPS (20ng/mL) for the next 24 hours. (A) There was no change in protein levels of 

IL-10 as measured by IL-10 ELISA. (B) There was no cell cytotoxicity at concentrations of 

ADX88178 used. Values represent mean ± S.E.M of one-way ANOVA with Tukey post-hoc 

analysis. 
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4.2.2. The effects of various mGluR4 agonists vs. ADX88178 on NO release in 

models of activated microglia cell lines 

Newly developed mGluR4 PAMs have better Group III subtype selectivity and 

improved blood brain barrier penetration (Bollinger et al., 2019; Engers et al., 2009; 

Niswender et al., 2008; Stansley & Conn, 2019; Williams et al., 2009). We examined the 

effects of multiple mGluR4 PAMs- ADX88178, VU0361737, VU0155041- as well as the 

orthosteric group III agonist L-AP4 on microglial activation (Table 4-1).  

Figure 4-5. Cell images of BV2 microglia show no cytotoxicity. Cell images of BV2 

microglia were taken through EVOS cell imaging system. (A) Control BV2 microglia. (B) LPS 

20ng/mL did not show any cell death compared to control cells. (C) Treatment with 

LPS+ADX88178 20µM did not cause cell cytotoxicity. 

 

Table 4-1. A list of mGluR4 PAMs and orthosteric agonist used in this study. 

Representative table shows chemical structure, EC50 and classification of drugs used in this 

study belonging to the mGluR4 family. 
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Concentration-response experiments demonstrated that these drugs have divergent 

anti-inflammatory actions. LPS treated BV2 microglia showed a robust increase in nitrite 

(control vs. LPS, P<0.0001; Fig. 4-6A). Pretreatment with ADX88178 caused a significant 

decrease in levels of NO (LPS vs. LPS+ADX88178 20M, P<0.01; Fig. 4-6A). Pre-

treatment with VU0361737 also significantly decreased NO levels in a concentration-

dependent manner (LPS vs. LPS+VU0361737 100M, P<0.0001; Fig. 4-6A). Neither 

VU0155041 nor L-AP4, at any concentration, reduced LPS-induced NO levels in BV2 

microglia (Fig. 4-6A). Treatment of BV2 microglia with the indicated drugs and LPS did 

not adversely affect cell viability when compared with control cells (Fig. 4-6B). To confirm 

the NO results from BV2 microglia, we examined the effects of these drugs in LPS+IFN-

Ɣ stimulated immortalized rat HAPI microglia (Fig. 4-7A). Similarly, ADX88178 

(LPS+IFN-Ɣ vs. LPS+IFN-Ɣ+ADX88178 20M, P<0.0001; Fig. 4-7A) and VU0361737 

Figure 4-6. Concentration-response of mGluR4 PAMs vs. ADX88178 for LPS-induced 

changes in BV2 microglia. (A) LPS stimulation of BV2 microglia resulted in a significant 

increase in nitrite production (####P<0.0001 vs. control). Pre-treatment with 20M of 

ADX88178 significantly reduced LPS-induced nitrite production (**P<0.01 vs. LPS). Pre-

treatment with VU0361737 (shown with the last four digits of the drug as VU1737) starting at 

25M also reduced NO levels significantly upon LPS addition (***P<0.001 vs. LPS), while 

mGluR4 PAM VU0155041 (shown with the last four digits of the drug as VU5041) and 

orthosteric group III agonist L-AP4 did not attenuate NO production following LPS exposure. 

(B) There was no cytotoxicity at concentrations of these drugs used. Values represent mean ± 

S.E.M of one-way ANOVA with Tukey post-hoc analysis. 
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(LPS+IFN-Ɣ vs. LPS+IFN-Ɣ+VU0361737 100M, P<0.0001; Fig. 4-7A) exerted the 

most potent anti-inflammatory effects as measured by released nitrite levels. L-AP4 

showed no anti-inflammatory activity, and while VU0155041 had a very modest effect at 

a very high concentration, VU0418506 showed no anti-inflammatory activity in stimulated 

HAPI microglia (Fig. 4-7A).  

To confirm the results of VU0155041 and VU0418506, we evaluated their effects 

on TNF-α by ELISA in LPS-stimulated microglia (Fig. 4-8A-B). While LPS caused a 

significant increase in TNF-α release in primary mouse microglia (control vs. LPS, 

P<0.001; Fig. 4-7A)  and BV2 microglia (control vs. LPS, P<0.0001; Fig. 4-8B), neither 

VU0155041 nor VU0418506 attenuated LPS-induced TNF-α protein levels (Fig. 4-8A-B).  

 

Figure 4-7. ADX88178 and VU0361737 attenuate NO release in LPS+IFN-Ɣ stimulated 

HAPI microglia. (A) HAPI rat microglia were stimulated with LPS (100ng/mL)+IFN-Ɣ 

(10ng/mL) for maximal nitrite production (####P<0.0001 vs. control). In HAPI microglia cells, 

ADX88178 (****P<0.0001, LPS+IFN-Ɣ vs. LPS+IFN-Ɣ+ADX88178 20µM) and 

VU0361737 (****P<0.0001, LPS+IFN-Ɣ vs. LPS+IFN-Ɣ+VU0361737 100µM) produced the 

most potent anti-inflammatory effects as indicated by released nitrite levels. None of the other 

tested mGluR4 PAMs or mGluR4 orthosteric agonist L-AP4 inhibited NO release. Values 

represent mean ± S.E.M of one-way ANOVA with Tukey post-hoc analysis. 
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4.2.3. ADX88178 attenuates LPS-induced activation of inflammation pathways in 

mouse primary microglia 

We validated results obtained in BV2 microglia using primary cultured microglia 

from mouse brain. There was a significant increase in nitrite levels in the supernatant of 

primary microglia upon LPS stimulation (control vs. LPS; P<0.0001; Fig. 4-9A). 

Pretreatment with ADX88178 caused a concentration-dependent reduction of nitrite levels, 

with 20M causing the most significant attenuation in NO levels (LPS vs. 

LPS+ADX88178 20M; P<0.0001; Fig. 4-9A). There was a robust increase in TNF-α 

(control vs. LPS, P<0.0001; Fig. 4-9B) and IL-1β (control vs. LPS, P<0.001; Fig. 4-9C) 

protein levels after LPS stimulation, which were significantly reduced by ADX88178 

Figure 4-8. Effect of VU0155041 and VU0418506 on LPS-stimulated TNF-α release. 

mGluR4 PAMs, VU0155041 or VU0418506, were added to LPS-stimulated microglia and 

TNF-α was measured through ELISA. (A) LPS significantly increased TNF-α release 

(###P<0.001, control vs. LPS) in primary mouse microglia. VU0155041 did not inhibit LPS-

stimulated TNF-α release. (B) LPS significantly increased TNF-α protein levels 

(####P<0.0001, control vs. LPS) in BV2 microglia; however, VU0418506 did not reverse LPS-

mediated TNF-α release. Values represent mean ± S.E.M of one-way ANOVA with Tukey post-

hoc analysis. 
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(TNF-α: LPS vs. LPS+ADX88178, P<0.0001; Fig. 4-9B, IL-1β: LPS vs. LPS+ADX88178, 

P<0.05; Fig. 4-9C).  

The mRNA expression of pro-inflammatory cytokines (TNF-α and IL-1β), 

inflammatory microRNA (miR-155), as well as anti-inflammatory Arginase-1 were also 

evaluated. LPS stimulation significantly increased expression of TNF-α (control vs. LPS, 

P<0.001; Fig. 4-10A), IL-1β (control vs. LPS, P<0.01; Fig. 4-10B), and miR-155 (control 

vs. LPS, P<0.0001; Fig. 4-10C). Similar to data obtained from BV2 microglia, ADX88178 

reduced LPS-stimulated levels of the following inflammatory mediators in primary 

microglia: TNF-α (LPS vs. LPS+ADX88178, P<0.01; Fig. 4-10A), IL-1β (LPS vs. 

LPS+ADX88178, P<0.05; Fig. 4-10B), and miR-155 (LPS vs. LPS+ADX88178, P<0.001; 

Fig. 4-10C). No changes in the mRNA level of Arginase-1 was observed for any of the 

treatments (Fig. 4-10D).  

Figure 4-9. ADX88178 attenuates LPS-induced up-regulation of NO and pro-

inflammatory protein levels in mouse primary microglia. Primary microglia cells were pre-

treated with ADX88178 (5-20M) for 30 minutes followed by stimulation with or without LPS 

(20ng/mL) for 24 hours. (A-C) LPS stimulation resulted in a significant increase in nitrite 

production, TNF-α release (####P<0.0001 vs. control for both) as well as IL-1β release 

(###P<0.001 vs. control). Pre-treatment with 20M of ADX88178 significantly reduced LPS-

induced nitrite production (****P<0.0001 vs. LPS), released TNF-α (****P<0.0001 vs. LPS), 

and IL-1β protein levels (*P<0.05 vs LPS). Values represent mean ± S.E.M of one-way 

ANOVA with Tukey post-hoc analysis. 

 



67 
 

 

4.2.4. Effect of the mGluR4 antagonist MPPG on LPS-stimulated mouse primary 

microglia  

Mouse primary microglia were used to examine the effects of partially selective 

group III inhibitor, MPPG, to address whether the anti-inflammatory effects of ADX88178 

were mediated by mGlu4 receptor. Addition of LPS to primary microglia caused a robust 

increase in production of nitrite as well as TNF-α protein levels as measured by ELISA at 

24 hours (control vs. LPS, P<0.0001; Fig. 4-11A-B). Pretreatment with ADX88178 

significantly decreased levels of LPS-stimulated NO (LPS vs. LPS+ADX88178, P<0.001; 

Fig. 4-11A) and TNF-α (LPS vs. LPS+ADX88178, P<0.01; Fig. 4-11B). There was no 

inhibition of ADX88178 anti-inflammatory effects in the presence of MPPG as indicated 

by NO release and TNF-α ELISA (Fig. 4-11A-B). Using the MTT assay in primary 

microglia, there was no cytotoxicity at any drug concentrations used (Fig. 4-11C). 

Figure 4-10. ADX88178 attenuates LPS-induced up-regulation of pro-inflammatory 

markers at mRNA levels in mouse primary microglia. Primary microglia cells were pre-

treated with ADX88178 (5-20M) for 30 minutes followed by stimulation with or without LPS 

(20ng/mL) for 24 hours. (D-F) Expression of pro-inflammatory mediators in mouse primary 

microglia were measured at 24 hours. ADX88178 pre-treatment resulted in a significant 

downregulation of LPS-induced mRNA levels of TNF-α (**P<0.01 vs. LPS), IL-1β (*P<0.05 

vs. LPS), and miR-155 (***P<0.001 vs. LPS). (G) Level of anti-inflammatory Arginase-1 

remained unchanged between treatments. Values represent mean ± S.E.M of one-way ANOVA 

with Tukey post-hoc analysis. 
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LPS stimulation of primary microglia significantly increased mRNA expression of 

TNF-α, IL-6, and NOS2 (control vs. LPS, P<0.0001 for all three genes; Fig 4-12A-C). Pre-

treatment with ADX88178 reduced LPS-stimulated levels of TNF-α, IL-6 and NOS2 (LPS 

vs. LPS+ADX88178, P<0.0001 for each gene; Fig. 4-12A-C), but addition of MPPG did 

Figure 4-11. Effect of mGluR4 antagonist, MPPG, in LPS-stimulated mouse primary 

microglia. Primary microglia cells were pre-treated with group III antagonist, MPPG, for one 

hour prior to addition of ADX88178 for 30 minutes followed by stimulation with or without 

LPS (20ng/mL) for 24 hours. (A-B) LPS stimulation resulted in a significant increase in nitrite 

production and TNF-α release (####P<0.0001 vs. control for both). Pre-treatment with 20M 

of ADX88178 significantly reduced LPS-induced nitrite production (***P<0.001 vs. LPS) and 

TNF-α levels (**P<0.001 vs. LPS). However, MPPG failed to inhibit anti-inflammatory actions 

of ADX88178 as measured by NO levels and TNF-α protein levels. (C) There was no 

cytotoxicity at the concentrations of drugs used as measured by MTT assay. Values represent 

mean ± S.E.M of one-way ANOVA with Tukey post-hoc analysis. 
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not reverse anti-inflammatory actions of ADX88178 as measured by these markers. No 

significant change in the mRNA expression of Arginase-1 in MPPG-treated 

LPS+ADX88178 was found (Fig. 4-12D).  

4.2.5. ADX88178 promotes CREB phosphorylation and NFkB inhibition in LPS-

activated BV2 microglia 

We explored several putative signaling pathways by which ADX88178 may exert 

its anti-inflammatory actions. Studies have demonstrated that mGluR4 may exert its effects 

through involvement of Gαi/o (Nicoletti et al., 2011; Niswender & Conn, 2010; Pin & 

Duvoisin, 1995; Taylor et al., 2003). We investigated important players involved in this 

signaling pathway in BV2 microglia. Starting at the receptor level, we used pertussis toxin 

(PT) to inhibit Gαi/o. PT is an active form of pertussis toxin and PT* is an inactive form. 

There was a significant increase in NO in LPS alone, LPS+PT* and LPS+PT groups 

(P<0.001 for all three; Fig. 4-13A) and ADX88178 significantly inhibited NO in LPS 

alone, LPS+PT* and LPS+PT treatment groups (P<0.001 for all three; Fig. 4-13A) 

indicating that ADX88178 does not utilize a PT-sensitive Gαi/o signaling in BV2 microglia. 

Downstream of Gαi/o receptor, we examined cAMP levels in BV2 microglia in the presence 

of adenylyl cyclase activator, forskolin. We did not observe any effect of ADX88178 in 

Figure 4-12. Effect of mGluR4 antagonist, MPPG, on pro- and anti-inflammatory 

markers in LPS-stimulated mouse primary microglia. Primary microglia cells were pre-

treated with group III antagonist, MPPG, for one hour prior to addition of ADX88178 for 30 

minutes followed by stimulation with or without LPS (20ng/mL) for 24 hours. (A-C) 

Expression of pro-inflammatory mediators in primary microglia was measured at six hours. 

LPS stimulation of primary microglia significantly increased expression of TNF-α, IL-6, and 

NOS2 (####P<0.0001 vs. control for all three genes). ADX88178 pre-treatment resulted in a 

significant downregulation of LPS-induced levels of TNF-α, IL-1β, and NOS-2 (****P<0.0001 

vs. LPS for all three genes). However, MPPG failed to inhibit the anti-inflammatory actions of 

ADX88178 as measured by these pro-inflammatory gene expressions. (D) There were no 

significant changes in the gene expression of anti-inflammatory mediator Arginase-1. Values 

represent mean ± S.E.M of one-way ANOVA with Tukey post-hoc analysis. 

 

 

 

Figure 4-13. Assessment of Gαi/o pathway for actions of ADX88178 in LPS-activated BV2 

MicrogliaFigure 4-12. Effect of mGluR4 antagonist, MPPG, on pro- and anti-

inflammatory markers in LPS-stimulated mouse primary microglia. Primary microglia 

cells were pre-treated with group III antagonist, MPPG, for one hour prior to addition of 

ADX88178 for 30 minutes followed by stimulation with or without LPS (20ng/mL) for 24 

hours. (A-C) Expression of pro-inflammatory mediators in primary microglia was measured at 

six hours. LPS stimulation of primary microglia significantly increased expression of TNF-α, 

IL-6, and NOS2 (####P<0.0001 vs. control for all three genes). ADX88178 pre-treatment 

resulted in a significant downregulation of LPS-induced levels of TNF-α, IL-1β, and NOS-2 

(****P<0.0001 vs. LPS for all three genes). However, MPPG failed to inhibit the anti-

inflammatory actions of ADX88178 as measured by these pro-inflammatory gene expressions. 

(D) There were no significant changes in the gene expression of anti-inflammatory mediator 

Arginase-1. Values represent mean ± S.E.M of one-way ANOVA with Tukey post-hoc analysis. 

 

 

 

Figure 4-13. Assessment of Gαi/o pathway for actions of ADX88178 in LPS-activated 

BV2 Microglia. (A) Treatment with pertussis toxin (PT) did not inhibit anti-inflammatory 

action of ADX88178. LPS caused a significant increase in NO levels in LPS, LPS+PT* and 

LPS+PT groups (###P<0.001 for all three). ADX88178 attenuated NO in LPS, LPS+PT* and 

LPS+PT (***P<0.001 for all three). (B) ADX88178 did not attenuate forskolin-induced 

cAMP level in BV2 microglia as measured by cAMP ELISA. (C) LPS alone and LPS+H89 

increased released nitrite levels in BV2 microglia compared to control (###P<0.001 for all 

three treatments) while LPS+dbcAMP significantly increased NO levels compared to LPS 

(***P<0.001, LPS vs. LPS+dbcAMP). ADX88178 significantly decreased LPS-induced NO 

levels in all three treatments (***P<0.001). Values represent mean ± S.E.M of one-way 

ANOVA with Tukey post-hoc analysis. 

 

 

 

Figure 4-14. ADX88178 promotes CREB phosphorylation and NFkB inhibition in LPS-

activated BV2 MicrogliaFigure 4-13. Assessment of Gαi/o pathway for actions of 

ADX88178 in LPS-activated BV2 MicrogliaFigure 4-12. Effect of mGluR4 antagonist, 

MPPG, on pro- and anti-inflammatory markers in LPS-stimulated mouse primary 

microglia. Primary microglia cells were pre-treated with group III antagonist, MPPG, for one 

hour prior to addition of ADX88178 for 30 minutes followed by stimulation with or without 
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reducing forskolin-induced cAMP levels (Fig. 4-13B). Next, we evaluated the effect of 

upregulation of cAMP through cell permeable cAMP analogue dbcAMP and inhibition of 

protein kinase A (PKA) through H89. Others have used these compounds in evaluating 

cAMP-PKA-CREB pathway (Johannessen et al., 2004; Jin et al., 2009; Petrova et al., 

1999). LPS+dbcAMP significantly increased NO levels in compare to LPS alone (LPS vs. 

LPS+dbcAMP, P<0.001; Fig. 4-13C). However, dbcAMP did not attenuate ADX88178 

anti-inflammatory effect. LPS+H89 treatment increased nitrite levels similar to LPS alone 

(P<0.001 for both; Fig. 4-13C), and it did not have an additive anti-inflammatory effect to 

ADX88178.  

Figure 4-13. Assessment of Gαi/o pathway for actions of ADX88178 in LPS-activated 

BV2 Microglia. (A) Treatment with pertussis toxin (PT) did not inhibit anti-inflammatory 

action of ADX88178. LPS caused a significant increase in NO levels in LPS, LPS+PT* and 

LPS+PT groups (###P<0.001 for all three). ADX88178 attenuated NO in LPS, LPS+PT* and 

LPS+PT (***P<0.001 for all three). (B) ADX88178 did not attenuate forskolin-induced 

cAMP level in BV2 microglia as measured by cAMP ELISA. (C) LPS alone and LPS+H89 

increased released nitrite levels in BV2 microglia compared to control (###P<0.001 for all 

three treatments) while LPS+dbcAMP significantly increased NO levels compared to LPS 

(***P<0.001, LPS vs. LPS+dbcAMP). ADX88178 significantly decreased LPS-induced NO 

levels in all three treatments (***P<0.001). Values represent mean ± S.E.M of one-way 

ANOVA with Tukey post-hoc analysis. 
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Downstream of PKA is cAMP-response element binding protein (CREB) that is 

involved in neuroimmune modulation (Moon et al., 2005; Wen et al., 2010; Zou et al., 

2017). ADX88178 significantly induced activation of CREB as indicated by increased 

levels of CREB specific phosphorylation (Ser-133) in LPS-stimulated BV2 microglia (LPS 

vs. LPS+ADX88178, P<0.001; Fig. 4-14B). NFkB is an important regulator of pro-

inflammatory gene expression- including TNF-α, IL-1β and IL-6 in LPS-activated 

microglia (Kopitar-Jerala, 2015; Shih et al., 2015). Therefore, we examined the effect of 

ADX88178 on the NFkB pathway. LPS signals through Toll-Like Receptor 4 (TLR-4) 

resulting in the degradation of cytoplasmic inhibitory subunit (IkB) and release of NFkB 

(p65) complex into the nucleus. We performed subcellular fractionation to quantify nuclear 

Figure 4-14. ADX88178 promotes CREB phosphorylation and NFkB inhibition in LPS-

activated BV2 Microglia. BV2 cells were pretreated with ADX88178 for 30 minutes followed 

by stimulation of LPS (20ng/mL) for 30 minutes. Whole cell lysates were used for western blot 

analysis. (A) Representative blots for pCREB and CREB. (B) Densitometric analysis shows a 

significant increase in pCREB/CREB protein level in LPS+ADX88178 treated BV2 microglia 

compared to LPS alone (***P<0.001, LPS vs. LPS+ADX88178). (C) Representative blots for 

nuclear and total BV2 microglia fractions. (D) ADX88178 treatment significantly increased IkB 

protein expression in the total fraction (**P<0.01, LPS total vs. LPS+ADX88178). (E) LPS 

stimulation of BV2 microglia significantly increased NFkB protein expression in the nuclear 

fraction (###P<0.001, control vs. LPS) while ADX88178 significantly decreased NFkB nuclear 

translocation (P<0.05, LPS vs. LPS+ADX88178). Values represent mean ± S.E.M of one-way 

ANOVA with Tukey post-hoc analysis. 
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expression of NFkB and total expression of IkB via western blot. ADX88178 significantly 

increased IkB levels in the total fraction (LPS vs. LPS+ADX88178, P<0.01; Fig. 4-14D). 

Moreover, while LPS caused translocation of NFkB from cytosol into nucleus (control vs. 

LPS, P<0.001; Fig. 4-14E), ADX88178 inhibited this change (LPS vs. LPS+ADX88178, 

P<0.05; Fig. 4-14E). 

4.2.6. ADX88178 anti-Inflammatory actions in BV2 microglia appear to be 

mGluR4- independent  

To evaluate the specificity of ADX88178 for mGluR4 receptor and its anti-

inflammatory response in microglia cells, we performed mRNA and protein analysis of 

mGlu4 receptor. Positive controls included mouse cortex and expression levels were 

compared across many different cell types (Fig. 4-15A-B). Western blotting of BV2 

microglia samples revealed a weak band at the predicted mGluR4 molecular weight of 100-

110 kDa when compared to mouse cortex samples (Fig. 4-15A). Quantitative-PCR analysis 

revealed that expression of GRM4, gene that codes for mGluR4, in BV2 microglia is 

1/20,000 of that in mouse cortex (BV2 microglia vs. mouse (Ms) cortex, P<0.0001; Fig. 4-

Figure 4-15. mGluR4 expression at protein and mRNA levels. (A) Western immunoblotting 

using equal amounts of protein from BV2 microglia and mouse cortex revealed that expression 

of mGluR4 at protein level is very low. (B) At the mRNA level, expression of GRM4 gene in 

BV2 microglia is significantly lower than in the mouse cortex (****P<0.0001 vs. BV2 

microglia). Values represent mean ± S.E.M of one-way ANOVA with Tukey post-hoc analysis. 
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15B). To further investigate the anti-inflammatory role of mGluR4, we used siRNA 

targeted towards GRM4 gene or scrambled (Scrm) siRNA (as control). GRM4 siRNA 

transfection in BV2 microglia reduced expression of GRM4 by 48% when compared with 

scrambled siRNA-transfected cells (Fig. 4-16A). In BV2 microglia, ADX88178 resulted 

in a significant decrease in LPS-induced release of inflammatory cytokines IL-1β (Scrm 

LPS vs. Scrm LPS+ADX88178, P<0.0001 and GRM4 siRNA LPS vs. GRM4 siRNA 

LPS+ADX88178, P<0.0001; Fig. 4-16B) and NOS2 (NOS2: Scrm LPS vs. Scrm 

LPS+ADX88178, P<0.01 and GRM4 siRNA LPS vs. GRM4 siRNA LPS+ADX88178, 

P<0.05; Fig. 4-16C) in both scrambled siRNA and GRM4-siRNA transfected BV2 

microglia. TNF-α protein level was measured from the media of BV2 cells treated with 

Scrm or GRM4 siRNA. LPS caused a significant increase in TNF-α production in LPS 

treated cells, Scrm-treated LPS as well as GRM4 siRNA-treated LPS (P<0.0001 for all 

three groups; Fig. 4-16D). Pretreatment with ADX88178 significantly decreased levels of 

LPS-stimulated TNF-α for all three groups (P<0.0001; Fig. 4-16D) indicating no inhibition 

of ADX88178 anti-inflammatory effects in the presence of GRM4 siRNA (Fig. 4-16D).  
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We confirmed our results from primary microglia and used a selective group III 

antagonist MPPG to evaluate the role of mGluR4 on ADX88178 effects. LPS stimulation 

of BV2 microglia significantly increased NO levels (P<0.0001) but increasing 

concentrations of MPPG did not inhibit ADX88178 from attenuating NO release (LPS vs. 

LPS+ADX88178+MPPG 100uM, P<0.0001; Fig. 4-17A). Other group III antagonists, 

MSOP and CPPG, were also tested; they also did not inhibit ADX88178 anti-inflammatory 

actions (Fig. 4-17B-C).  

Figure 4-16. ADX88178 does not exert its anti-inflammatory actions through mGluR4 

receptor. Specificity of ADX88178 for mGlu4 receptor was measured. (A) qPCR demonstrated 

a 48% reduction in GRM4 mRNA expression in GRM4 siRNA group compared with the 

scrambled (scrm) control. (B-C) ADX88178 significantly attenuated LPS-stimulated IL-1β 

(P<0.0001 LPS vs. LPS+ADX88178 in both the scrm control and GRM4 siRNA) and NOS2 

(P<0.01, LPS vs. LPS+ADX88178 in scrm control and P<0.05 in GRM4 siRNA) gene 

expressions. (D) LPS significantly increased TNF-α protein in LPS alone, scrm-treated LPS, 

and GRM4 siRNA-treated LPS groups (####P<0.0001 vs. control for all three groups) and 

pretreatment with ADX88178 reduced LPS-induced TNF-α release for all three treatments 

(****P<0.0001 vs. each respective LPS groups). (C) was analyzed using one-tailed t-test 

(P = 0.073). All remaining data were analyzed using one-way ANOVA with Tukey post-hoc 

analysis. 

 

 

 

Figure 4-17. Effect of group III antagonists on ADX88178 as measured by NO levels in 

LPS-stimulated BV2 microgliaFigure 4-16. ADX88178 does not exert its anti-

inflammatory actions through mGluR4 receptor. Specificity of ADX88178 for mGlu4 

receptor was measured. (A) qPCR demonstrated a 48% reduction in GRM4 mRNA expression 

in GRM4 siRNA group compared with the scrambled (scrm) control. (B-C) ADX88178 

significantly attenuated LPS-stimulated IL-1β (P<0.0001 LPS vs. LPS+ADX88178 in both the 

scrm control and GRM4 siRNA) and NOS2 (P<0.01, LPS vs. LPS+ADX88178 in scrm control 

and P<0.05 in GRM4 siRNA) gene expressions. (D) LPS significantly increased TNF-α protein 

in LPS alone, scrm-treated LPS, and GRM4 siRNA-treated LPS groups (####P<0.0001 vs. 

control for all three groups) and pretreatment with ADX88178 reduced LPS-induced TNF-α 

release for all three treatments (****P<0.0001 vs. each respective LPS groups). (C) was 

analyzed using one-tailed t-test (P = 0.073). All remaining data were analyzed using one-way 

ANOVA with Tukey post-hoc analysis. 

 

 

 

Figure 4-17. Effect of group III antagonists on ADX88178 as measured by NO levels in 

LPS-stimulated BV2 microgliaFigure 4-16. ADX88178 does not exert its anti-

inflammatory actions through mGluR4 receptor. Specificity of ADX88178 for mGlu4 

receptor was measured. (A) qPCR demonstrated a 48% reduction in GRM4 mRNA expression 

in GRM4 siRNA group compared with the scrambled (scrm) control. (B-C) ADX88178 

significantly attenuated LPS-stimulated IL-1β (P<0.0001 LPS vs. LPS+ADX88178 in both the 

scrm control and GRM4 siRNA) and NOS2 (P<0.01, LPS vs. LPS+ADX88178 in scrm control 

and P<0.05 in GRM4 siRNA) gene expressions. (D) LPS significantly increased TNF-α protein 

in LPS alone, scrm-treated LPS, and GRM4 siRNA-treated LPS groups (####P<0.0001 vs. 

control for all three groups) and pretreatment with ADX88178 reduced LPS-induced TNF-α 

release for all three treatments (****P<0.0001 vs. each respective LPS groups). (C) was 

analyzed using one-tailed t-test (P = 0.073). All remaining data were analyzed using one-way 

ANOVA with Tukey post-hoc analysis. 

 

 

 

Figure 4-17. Effect of group III antagonists on ADX88178 as measured by NO levels in 

LPS-stimulated BV2 microglia. (A-C) BV2 microglia were pre-treated with group III 

antagonists, MPPG, CPPG, and MSOP, for one hour prior to addition of ADX88178 for 30 

minutes followed by stimulation with or without LPS (20ng/mL) for 24 hours. (A-B) LPS 

stimulation resulted in a significant increase in nitrite production (####P<0.0001 vs. control for 

each). Pre-treatment with 20M of ADX88178 significantly reduced LPS-induced nitrite 

production (****P<0.0001 vs. LPS for each). Group III antagonists did not prevent ADX88178 

attenuation of NO levels after LPS stimulation. Values represent mean ± S.E.M of one-way 

ANOVA with Tukey post-hoc analysis. 
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4.2.7. Adenosine 2A receptor agonist and A3 antagonist do not block actions of 

ADX88178 

mGluR4 can dimerize with other mGluR subtypes or with adenosine receptors (A2a 

and A3) (Jones et al., 2012; Klyuch et al., 2012; Lopez et al., 2008). We used an A2a agonist 

and A3 antagonist to block anti-inflammatory action of ADX88178. CGS21680 is an A2a 

receptor agonist and MRS1334 is an A3 receptor antagonist. Addition of LPS (20ng/mL) 

to BV2 microglia significantly increased production of nitrite (control vs. LPS, P<0.0001; 

Fig. 4-18A). Pretreatment with increasing concentration of ADX88178 caused a 

concentration-dependent decrease in LPS-induced NO release (LPS vs. LPS+ADX88178 

20µM, P<0.0001; Fig. 4-18A). Neither CGS21680 nor MRS1334 altered LPS-induced NO 

release (Fig. 4-18A). Additionally, pre-treatment with CGS21680 (50µM) or MRS1334 

(50µM) did not inhibit ADX88178 anti-inflammatory actions, as shown by NO levels (Fig. 

4-18A). Using MTT assay, no cell cytotoxicity was found at concentrations of the drugs 

used (Fig. 4-18B).  
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4.3. Discussion  

The aim of this study was to examine the anti-inflammatory effects of mGluR4 

PAMs and the mechanisms responsible. We used multiple in vitro models, including 

immortalized microglial cell lines and primary microglia; evaluated multiple agonists, both 

orthosteric and PAMs; and examined a number of potential signal transduction pathways.  

mGluR4 agonists, both orthosteric and PAMs, have shown anti-inflammatory 

effects in various experimental neurological disorders- including Parkinson’s disease, 

experimental autoimmune encephalomyelitis (EAE) and chronic glial activation (Fallarino 

et al., 2010; Kalinichev et al., 2014; Le Poul et al., 2012; Niswender et al., 2016; Volpi et 

Figure 4-18. A2aR agonist and A3 antagonist do not block actions of ADX88178. BV2 

microglia were pre-treated with ADX88178 and A2a receptor agonist CGS21680 or A3 receptor 

antagonist MRS1334 to determine if adenosine receptors are mGluR4 binding partners. (A) 

LPS stimulation resulted in a significant increase in nitrite release (####P<0.0001 vs. control). 

Pre-treatment with ADX88178 significantly reduced LPS-induced nitrite production 

concentration-dependently (****P<0.0001 vs. LPS) while pretreatment with CGS21680 

(50µM) or MRS1334 (50µM) prior to LPS stimulation did not cause any changes in the NO 

levels. Pretreatment with neither CGS21680 nor MRS1334 prior to LPS+ADX88178 caused 

inhibition of ADX88178 anti-inflammatory action. (B) There was no observed cytotoxicity at 

any concentration of ADX88178, CGS21680, or MRS1334 alone or in combination with LPS. 

Values represent mean ± S.E.M of one-way ANOVA with Tukey post-hoc analysis.   
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al., 2016). Astrocyte activation can induce various cytotoxic and pro-inflammatory factors 

(Mennicken 1999) and mGluR4 is present on activated astrocytes (Guerts 2005, Tang & 

Lee 2001). Conditioned media from astrocyte cultures incubated with the orthosteric group 

III agonist, L-AP4, prior to addition of LPS, significantly reduced neuronal cell death 

(Zhou et al., 2006). In rat models of EAE, treatment with L-AP4 for 28 days limited the 

induction of RANTES, a chemokine produced by astrocytes that leads to 

neuroinflammation (Besong 2002). In mGluR4 knockout EAE rats, there was a smaller 

reduction in RANTES after treatment with L-AP4 (Besong 2002).  

A well-known limitation of pharmacological interventions is the potential for off-

target activity. PHCCC, one of the earliest drugs to study the mGlu4 receptor, is also an 

mGluR1 antagonist, which complicates interpretation of its actions at the mGlu4 receptor 

(Maj et al., 2003; Marino et al., 2003). VU0364770 is an mGluR4 PAM that has been 

reported to reverse haloperidol-induced catalepsy in 6-hydroxydopamine (6-OHDA)-

lesioned rodent models, but this drug is also a potent inhibitor of monoamine oxidase b 

(MAO-B) (Jones et al., 2012). Such studies highlight the challenges that are present when 

using only pharmacological approaches to elucidate specific receptor mediated actions. For 

these reasons, we used several types of mGluR4 PAMs to study the anti-inflammatory 

effects of mGluR4 activation in microglia. Based on the previously reported ADX88178 

potency and efficacy, we focused on this compound and investigated its regulation of 

inflammatory signaling cascades. 

The putative mGluR4 PAM ADX88178 showed significant anti-inflammatory 

effects in both BV2 cells and primary microglia cells, as indicated by reductions in IL-1β, 

TNF-α, CCL-2, IL-6, NOS2, and miR-155, as well as attenuated NO release following LPS 
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activation. These results are consistent with those previously reported in the literature 

(Fallarino et al., 2010; Ponnazhagan et al., 2016). However, other putative mgluR4 agonists 

showed divergent effects: VU0361737 (PAM) demonstrated anti-inflammatory activity, 

but neither VU0155041 (PAM) nor the orthosteric agonist L-AP4 showed similar effects. 

These observations suggest that the anti-inflammatory effects of select mGluR4 PAMs may 

be mediated through mGluR4-independent mechanisms. This interpretation is in apparent 

conflict with a recent report claiming that mGluR4 is necessary for ADX88178 attenuation 

of microglia activation (Ponnazhagan et al., 2016). The latter study used primary microglia 

generated from a transgenic mouse model with a global knockdown of mGluR4, showing 

that the LPS-induced elevation of inflammatory markers such as TNF-α, iNOS and MHCII 

were significantly attenuated through treatment with ADX88178 or L-AP4 in wild-type 

microglia cultures but not in mGluR4 knockout microglia preparations. To address these 

differences across studies we examined levels of mGluR4 expression in our models; and 

evaluated the effects of group III and mGluR4-specific pharmacological antagonists, as 

well as siRNA knockdown of mGluR4. The low expression levels of mGluR4 in our 

microglia cell models may argue against a receptor mediated signaling, consistent with the 

lack of anti-inflammatory effects by the orthosteric agonist L-AP4 or PAMs, such as 

VU0155041. Moreover, neither group III nor mGluR4-specific pharmacological 

antagonists, attenuated the anti-inflammatory actions of ADX88178 in LPS-stimulated 

BV2 microglia or primary mouse microglia. In addition, molecular knockdown of mGluR4 

did not limit ADX88178 anti-inflammatory effects. Together, these results support the 

conclusion that the observed anti-inflammatory effects of mGluR4 PAMs, such as 

ADX88178 or VU0361737, in microglial culture models likely reflect mGluR4-
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independent mechanisms. Although it is possible that ADX88178 may promote anti-

inflammatory effects by signaling through mGluR4 in some models, this compound has 

the ability to signal through additional receptors, and these latter signaling pathways appear 

to be predominant under conditions of low mGluR4 expression.  

We consequently addressed other potentially relevant signaling pathways that 

could account for ADX88178 anti-inflammatory effects. Group III mGluRs are mainly 

localized presynaptically and couple Gαi/o to negatively modulate neuronal excitability 

(Nicoletti et al., 2011; Niswender & Conn, 2010; Pin & Duvoisin, 1995; Taylor et al., 

2003). Therefore, we used PT to inhibit Gαi/o in ADX88178 treated preparations; this 

treatment did not affect ADX88178-dependent anti-inflammatory effects. Downstream of 

mGlu4 receptor, we examined levels of cAMP in the presence of adenylyl cyclase 

activator, forskolin (Taylor et al., 2003; Canudas et al., 2004; Kingston et al., 1998). We 

hypothesized that if ADX88178 worked through mGluR4/Gi-dependent signaling, levels 

of forskolin-induced cAMP should decrease in the presence of ADX88178. However, 

ADX88178 did not reduce forskolin-induced cAMP levels in BV2 microglia. Furthermore, 

we evaluated the effects of PKA inhibitor H89 and cell permeable cAMP analogue 

dbcAMP. There was a significant increase in LPS+dbcAMP induced NO release, 

compared to LPS alone, suggesting that cAMP elevation above basal levels increases 

microglial activation; however, dbcAMP did not attenuate ADX88178 anti-inflammatory 

effect as measured by NO levels. LPS+H89 increased nitrite release similar to LPS and did 

not have any additive anti-inflammatory effects to ADX88178, suggesting that inhibition 

of PKA does not contribute to ADX88178 anti-inflammatory actions. These results suggest 
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that ADX88178 acts independently of the mGluR4/Gi canonical pathway and exerts its 

actions downstream of cAMP.  

In other experiments, we examined the levels of pCREB and CREB in BV2 

microglia following ADX88178 treatment. CREB is a transcription factor whose activation 

is mediated via cAMP-dependent protein kinase A (PKA) and plays an important role in 

inflammatory responses of immune cells (Moon et al., 2005; Wen et al., 2010; Zou et al., 

2017). In contrast to the expected effects in a mGluR4/Gi-coupled system where levels of 

pCREB should decrease due to inhibition of adenylate cyclase (Ye, 2001), we observed a 

significant increase in phosphorylation of CREB on Ser-133 in ADX88178-treated BV2 

microglia. These results provide additional support for the hypothesis that ADX88178 anti-

inflammatory actions involve mGluR4/Gi-independent mechanisms. Additionally, they are 

consistent with studies showing that in dendritic cells, ADX88178 activated a Gi-

independent pathway that involves phosphatidylinositol-3-kinase (PI3K)-Indoleamine 2,3-

dioxygenase 1 (IDO1) to exert an immunoregulatory effect (Volpi et al., 2016). The NFkB 

pathway plays a key role in regulation of transcriptional activity of pro-inflammatory genes 

and ADX88178-mediated activation of CREB may inhibit NFkB through blocking the 

interaction between CREB Binding Protein (CBP) and NFkB complex (Ollivier et al., 

1996; Park et al., 2016; Parry & Mackman, 1997; Wen et al., 2010; Zou et al., 2017). 

Notably, ADX88178 significantly increased the total levels of IkB and reduced LPS-

induced translocation of p65 NFkB into the nucleus. Thus, ADX88178 anti-inflammatory 

actions may involve dual inhibition of NFkB activity- reducing nuclear translocation, as 

well as promoting a CREB-dependent attenuation of pro-inflammatory gene 

transactivation (Wen et al., 2010; Ye, 2001).  
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Considering the general property of GPCRs to heterodimerize, we hypothesized 

that the putative receptors responsible for the observed mGluR4-independent signaling 

cascades may be among mGluR4 previously established partners, such as adenosine 

receptors. A2a antagonists and A3 agonists have neuroprotective effects in rodent models 

of neuroinflammation (Colella et al., 2018; Lee et al., 2006). Moreover, activation of 

mGluR4 and blockade of A2a receptors confer improved anti-parkinsonian behavioral 

recovery (Jones et al., 2012; Lopez et al., 2008). Although prior data suggest that 

ADX88178 is active at human adenosine A1 and human adenosine A3 receptors (Le Poul 

et al., 2012), given the lack of mRNA expression of A1 receptor in BV2 microglia, we 

examined other adenosine receptor modulators (A2a agonists and A3 antagonists) in the 

presence or absence of ADX88178. However, our data are inconsistent with ADX88178 

signaling through either adenosine receptors A2a or A3.   A model in which ADX88178 

signals through mGluR4 heterodimerization partners may help address the apparent 

conflict between our findings and those of Ponnazhagan and colleagues. Thus, it is possible 

that the complete absence of mGluR4 in the constitutive knockout model used by 

Ponnazhagan et al. may have also altered the membrane localization of the putative 

mGluR4 heterodimerization partners and these changes together are responsible for the 

lack of activity of ADX88178 or L-AP4 in microglia from their knockout model.   
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Chapter 5: Discussion 

 

Although there are currently no proven pharmacological interventions for TBI, 

modulation of secondary injury responses has been a research focus in the field for more 

than 30 years. Our studies report novel findings on the effect of mGluR4 and 5 PAMs to 

attenuate activated microglia using in vivo and/or in vitro models. Our findings show that 

mGluR5 PAM VU0360172 attenuated FPI+HB exacerbated inflammation as measured by 

increases in inflammatory cytokines, chemokines, and microRNA expression. Importantly, 

our findings reported temporal and spatial expression of inflammatory microRNAs that 

may contribute to our understanding of these factors as biomarkers. The pro-inflammatory 

miR-223 showed the strongest correlation between plasma and brain tissue expression 

levels in FPI+HB rats at 7 days. In our second set of studies, we evaluated the effect of 

mGluR4 PAMs in two immortalized microglial cell lines (BV2 and HAPI), as well as in 

primary microglia cell. ADX88178 attenuated LPS-stimulated pro-inflammatory pathways 

in microglia, while other mGluR4 PAMs had divergent immunomodulatory roles. 

ADX88178 anti-inflammatory effects were studied and found to reflect mGluR4/Gi-

independent mechanisms that may involve inhibition of NFkB and activation of CREB. 

Overall, our studies demonstrate potential important roles for novel mGluR PAMs in 

modulating inflammatory responses following neuroinflammation. 

5.1. Metabotropic glutamate receptor 5 and neuroinflammation 

 Group I mGlu receptors includes mGluR1 and mGluR5 that are coupled to Gq 

signaling. Conventionally, activation of group I mGluRs causes stimulation of protein 

lipase C (PLC), increases hydrolysis of inositol triphosphate (IP3), and releases calcium 

from internal stores. Surprisingly, mGluR1 and mGluR5 show different effects on neuronal 
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cell death. mGluR1 activation causes necrotic cell death and mGluR1 inhibition is 

neuroprotective (Allen et al., 1999; Allen et al., 2000; Fei et al., 2006). In contrast, mGluR5 

activation limits neuronal cell death in various models (Vincent et al., 1999; Movsesyan et 

al., 2004). mGluR5 activation has been proposed as a promising therapeutic target in 

models of spinal cord injury, TBI, and schizophrenia (Byrnes et al., 2009; Byrnes et al., 

2012; Loane et al., 2013; Foster & Conn, 2017).     

 Administration of the mGluR5 orthosteric agonist CHPG after experimental TBI 

significantly decreased injury-related sensorimotor and cognitive deficits, lesion volume, 

and chronic microglial activation (Byrnes et al., 2009). Additionally, delayed 

administration of CHPG, at one-month after TBI, reduced microglial activation, motor and 

cognitive dysfunction, and neurodegeneration (Byrnes et al., 2012). However, CHPG has 

poor BBB penetration and causes mGluR5 receptor desensitization (Homayoun & 

Moghaddam, 2010). For these reasons, the anti-inflammatory actions of mGluR5 PAMs 

were investigated. Systemic administration of the mGluR5 PAM VU0360172 provided 

neuroprotection in CCI-injured mice, reducing lesion volume and microglial activation as 

well as improving motor function (Loane et al., 2014). It has recently been shown that the 

mechanism of action between CHPG and VU0360172 differ as the latter uses a 

noncanonical AKT/GSK-3/CREB pathway to inhibit pro-inflammatory microglial 

phenotype and induces an anti-inflammatory microglial phenotype (Loane et al., 2014; 

Bhat et al., 2020). 

 Based on the results of previous studies from our laboratory, we examined the anti-

inflammatory effect of VU0360172 in hypobaria-exacerbated FPI in rats. VU0360172 has 

an excellent pharmacokinetic profile, as shown by its rapid absorption following systemic 
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administration (Rodriguez et al., 2010). Although there were no significant changes in the 

behavioral outcomes following VU0360172 treatment, there was a significant attenuation 

in the post-injury inflammatory cytokines and chemokines at 24 hours and 7 days including 

IL-1β and TNF-α, and chemokines CCL2. The effects of VU0360172 treatment in FPI+HB 

rats were further investigated by measuring expression of various microRNAs in the 

plasma, cortex, and hippocampus using Nanostring analysis. Nanostring analysis 

characterized changes in microRNAs such as miR-132, miR-204, and miR-223. miR-223 

was upregulated in cortex, hippocampus and blood at 7d in FPI+HB vehicle-treated rats, 

while VU0360172 treatment attenuated these changes.  

5.2. Potential serum biomarkers for treatment of FPI+HB rats 

 

There are currently a limited number of clinically validated biomarkers that can be 

used for the diagnosis of TBI and for its outcome prediction (Galgano et al., 2017; Gan et 

al., 2019). The presence of astroglial biomarkers (S100β and GFAP) and neuron-specific 

enolase (NSE) have been documented in the blood of TBI patients (Bohmer et al., 2011; 

Berger et al., 2002; Stein et al., 2011), and differ significantly from injured and age-

matched controls; however, there is controversy regarding the specificity of some of these 

biomarkers for TBI, as well as their ability to reliably predict injury in individual patients 

in contrast to differences across groups. For example, S100β has been detected in the serum 

of patients without TBI injuries (Papa et al., 2014). Therefore, it is important to find reliable 

biomarkers whose levels in the plasma are representative of the changes in the brain. 

MicroRNAs are able to cross an intact BBB and enter the blood. Therefore, the role of 

microRNAs as potential biomarkers for TBI have been investigated (Di Pietro et al., 2018; 

Harrison et al., 2017; Sheinerman & Umansky, 2013; Weisz et al., 2020). Ideally, useful 
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biomarkers should be easy to collect and measure, show stability in plasma, and be cost-

effective (Di Pietro et al., 2018; Mitchell et al., 2008). High throughput Nanostring analysis 

provides a suitable tool to detect a large number of known and unknown microRNA 

changes whose results can be subsequently confirmed by qPCR. Our Nanostring data on 

FPI+HB blood and brain tissue samples identified some microRNAs associated with 

inflammation that have been less well studied. For example, miR-223 expression was 

upregulated in the plasma, cortex and hippocampus at 7d. VU0360172 treatment decreased 

miR-223 expression in plasma and brain tissue at 7d. 

However, it should be recognized that there has been inconsistency in the 

expression of some miRNA biomarkers across studies (Di Pietro et al., 2018). Other 

challenges using plasma to measure microRNAs include lower RNA content and the 

possibility of hemolysis or platelet-related effects (Pritchard et al., 2012). In addition, there 

are differences in the reference genes by which plasma microRNAs are analyzed and 

interpreted. One way to mitigate this problem is through a synthetic microRNA Spike 

control that can be used to monitor the efficiency of RNA extraction from the plasma and 

can be used as an internal normalization control for the analysis of microRNAs of interest 

(Kroh et al., 2010).  

5.3. Metabotropic glutamate receptor 4 and neuroinflammation 

In 1986, it was reported that L-2-amino-4-phosphonobutyrate (L-AP4) and L-

serine-O-phosphate (L-SOP) can reduce excitatory post-synaptic potential (EPSP) in the 

CA3 hippocampal region of the guinea pig brain (Cotman et al., 1986). Today, we 

recognize that L-AP4 and L-SOP are group III mGluR orthosteric agonists that can inhibit 

glutamate release.  
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Group III mGlu receptors include mGluR4, mGluR6, mGluR7 and mGluR8. 

Except for mGluR6, which is only present on retinal cells, these group III mGluRs are 

localized pre-synaptically on glutamatergic axon terminals and are coupled to Gi/o proteins 

to dampen excitatory synaptic transmission. Group III mGluRs can sense glutamate 

concentration and become activated, providing negative feedback to the pre-synaptic 

terminal to reduce further glutamate release and maintain homeostasis of synaptic 

glutamate. For this reason, activation of mGluR4, mGluR7 and mGluR8 has been 

considered as possible therapeutic strategies for disorders linked to excess glutamate 

release (Byrnes et al., 2009; Crupi et al., 2019; Raber & Duvoisin, 2015; Williams & 

Dexter, 2014). 

There have been a number of pre-clinical studies that suggest that activation of 

group III mGluRs, and more specifically mGluR4, may have therapeutic potential for 

Parkinson’s disease (PD) (Jones et al., 2011; Maarino et al., 2003; Lindsley & Hopkins, 

2012). The mGluR4 PAMs PHCCC and VU0155041 decreased akinesia and catalepsy in 

1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine (MPTP) and 6-hydroxydopamine (6-

OHDA)-induced PD rodent models (Battaglia et al., 2006; Niswender et al., 2008). More 

recently developed mGluR4 PAMs such as VU0364770 and VU0418506 were reported to 

reduce forelimb asymmetry in 6-OHDA-lesioned rats (Jones et al., 2012; Niswender et al., 

2016). ADX88178 and VU0364770, in combination with a low dose of L-DOPA, enhanced 

parkinsonian symptoms in PD models (Jones et al., 2012; Le Poul et al., 2012; Niswender 

et al., 2016).  

However, there are relatively few studies examining the role of mGluR4 in 

inflammation. In cultured microglia, mRNA and protein expressions of mGluR4, 6 and 8 
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have been confirmed (Taylor et al., 2004). Culturing L-AP4 with microglia that were 

stimulated with LPS, amyloid-β (AB25-35), or Chromogranin A (CGA) reduced microglial 

activation (Taylor et al., 2004). Taylor and colleagues further reported that activation of 

group III mGluR with L-AP4 attenuated microglial-mediated neurotoxicity (Taylor et al., 

2004). More recently, a study showed that addition of L-AP4 or ADX88178, prior to the 

activation of primary cultured microglia with LPS, reduced iNOS, TNF-α and major 

histocompatibility receptor II (MHC II)- all markers of microglial activation. These effects 

were not found with primary microglial cultures isolated from mGluR4 knockout mice- 

suggesting that these that anti-inflammatory actions were mGluR4 specific (Ponnazhagan 

et al., 2016). However, neither of these papers showed the mechanism by which microglial 

activation is reduced by mGluR4 activation.  

In our studies, we used several in vitro microglial cell lines to examine the effect 

of ADX88178 and other mGluR4 PAMs, as well as an orthosteric agonist, in stimulated 

microglia. Our results strongly suggest mGluR4/Gi-independent mechanisms. We show 

that mGluR4 expression in our in vitro models was very low, which in part mimics 

mGluR4-/- model used in Ponnazhgan et al. ADX88178 anti-inflammatory actions were 

not altered by pharmacological (group III or mGluR4 antagonists) or molecular inhibition 

of mGluR4 (using GRM4 siRNA). Furthermore, we evaluated the canonical cAMP-PKA-

CREB pathway by measuring cAMP levels (ELISA) and through pharmacological 

modulation of components of this pathway (e.g. H89 and dbcAMP) which confirmed 

mGluR4/Gi-independent mechanisms of ADX88178 in LPS stimulated BV2 microglia.  
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Overall these results suggest that ADX88178 induces a mGluR4-independent activation of 

the CREB pathway and inhibition of NFB. Our working model for the mechanism of 

ADX88178 is illustrated in Fig. 5-1.  

There remain unanswered questions regarding how ADX88178 exerts its anti-

inflammatory actions, including identification of the kinase downstream of cAMP that 

leads to CREB phosphorylation. There is evidence for phosphorylation of ser-133 on 

CREB through different receptor activated protein kinases other than PKA, including 

mitogen activated protein kinases (MAPK) and calmodulin-dependent protein kinases 

(CAMK) among others (Alberini, 2009; Wang et al., 2018) as shown in Fig. 5-2.  

 

Figure 5-1: Schematic representation of Gi-independent ADX88178 signaling in BV2 

microglia. Purple arrows show canonical pathway whereas green arrows show non-canonical 

pathway. 

 

 

Figure 5-2: There are a number of kinases that can lead to CREB phosphorylation and 

activationFigure 5-1: Schematic representation of Gi-independent ADX88178 signaling in 

BV2 microglia. Purple arrows show canonical pathway whereas green arrows show non-

canonical pathway. 
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activationFigure 5-1: Schematic representation of Gi-independent ADX88178 signaling in 

BV2 microglia. Purple arrows show canonical pathway whereas green arrows show non-

canonical pathway. 
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activationFigure 5-1: Schematic representation of Gi-independent ADX88178 signaling in 

BV2 microglia. Purple arrows show canonical pathway whereas green arrows show non-

canonical pathway. 
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5.4. Limitations with pharmacological agents 

Using pharmacological agents to assess biological function and signaling of 

mGluRs has limitations. Although allosteric modulators have subtype selectivity compared 

to orthosteric agonists, they can have off-target effects due to their hydrophobic nature that 

allows them to bind to non-target receptors. For example, VU0364770, a mGluR4 PAM, 

has a weak antagonist activity at mGluR5 and it also inhibits monoamine oxidase (MAO) 

(Engers et al., 2010). Some allosteric modulators have context-dependent pharmacology in 

that they show different efficacies across model systems. Central administration of 

mGluR4 PAM VU0155041 only provides neuroprotection against dopaminergic neuronal 

loss in 6-OHDA lesioned PD rat model but not with MPTP rat model of PD (Celanire & 

Campo 2012). Moreover, ADX88178 improves haloperidol-induced catalepsy in PD 

rodent models, but it has no effect on 6-OHDA induced PD models (Le Poul et al., 2012).  

Figure 5-2: There are a number of kinases that can lead to CREB phosphorylation and 

activation. This schematic is reproduced from Alberini, 2009. 
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There is evidence of heterodimerization among mGlu receptors, with the 

stoichiometry of the dimers determining the signal transduction pathway affected. For 

example, mGlu2 and mGlu3 receptors form heterodimers in vitro (Levitz et al., 2016). 

Additionally, mGlu2 and mGlu4 receptors form a receptor heterodimer that has been 

characterized in vitro and in vivo (Niswender et al., 2016). mGluR4 PAM VU0155041 only 

shows anti-parkinsonian activity on cells expressing both mGlu2 and mGlu4 (Yin et al., 

2014; Kammermeier, 2012). Moreover, VU0418506 shows no activity at mGlu2/4 

heterodimer confirming that mGluR4 PAMs without activity at mGlu2/4 heterodimer can 

still exert anti-parkinsonian actions (Niswender et al., 2016). 

Finally, it should be noted that although allosteric modulators classically exert their 

actions only when the glutamate is present, there are PAMs that can exert their actions in 

the absence of an orthosteric ligand; these are called allosteric agonists or ago-PAMs 

(Christopoulos et al., 2014; Changeux & Christopoulos, 2016).  

5.5. Significance of this work 

 

This work further clarifies the role of mGluR 4 and 5 in microglial activation. Such 

observations include: 

1. Effects of mGluR5 PAM VU0360172 in hypobaria-exacerbated FPI rats on 

post-injury inflammatory factors. 

2. Identification of inflammatory microRNAs that can could be evaluated as 

potential biomarkers in TBI. 

3. Anti-inflammatory profiles of ADX88178 and other mGluR4 PAMs and 

orthosteric agonists in three in vitro microglia models. 
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4. Signaling mechanism of ADX88178 in BV2 microglia were Gi-independent- 

downstream of cAMP and through activation of CREB and inhibition of NFB. 

5. Interaction of mGluR4 receptor with its putative heterodimerization partner, 

adenosine receptor, was evaluated in BV2 microglia.  

5.6. Future directions 

5.6.1. mGluR5 hypobaria study 

 

There were no significant changes in the behavioral outcomes (motor nor cognitive) 

after administration of VU0360172 in FPI+HB rats; therefore, other routes of 

administration or dosing regimens should be considered. Additionally, some of the 

potential microRNAs should be further characterized and their inhibition should be 

examined through the use of antagomirs. Moreover, the signaling pathway for the anti-

inflammatory effects of VU0360172 or other mGluR5 PAMs should be investigated in this 

model. Lastly, mGluR5 is not only present on microglia, but it is also present on astrocytes 

as well as in peripheral cells such as leukocytes (Miller et al., 1995; Pacheco et al., 2004); 

therefore, this lack of cell-type specificity should be addressed in future studies and 

mechanism of action of mGluR5 in these cell types should be explored. 

5.6.2. mGluR4 study 

 

 In future studies, the molecular mechanism of ADX88178 should be examined 

more extensively in primary microglia and in BV2 microglia utilizing tools other than the 

measurement of nitrite release.  These could include measuring PKA activity or adenylate 

cyclase activity. The effect of the putative heterodimerization partners such as adenosine 

receptor modulators should be studied beyond nitrite measurements and they must be 

examined in primary microglia cells. Furthermore, the anti-inflammatory effect of 
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ADX88178 on an experimental model of TBI should be examined. Lastly, similar to 

mGluR5 lack of cell specificity, mGluR4 is also present on astrocytes as well as on 

peripheral dendritic cells (Fallarino et al., 2010; Besong et al., 2002). Therefore, 

mechanism of action of mGluR4 activation and role in these cell types should be explored 

further.  
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